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Abstract
The literature on the processing, microstructure and oxidation properties of 
TiAl, TiAICr and TiAIV -based intermetallics materials is briefly discussed.
The microstructure and oxidation performance of seven gamma 
TiAl based alloys was studied using thermogravimetric analysis, electron 
probe micro-analysis, scanning electron microscopy and X-ray 
diffractometry.
Conventional melt solidification, by skull melting in a water- 
cooled, copper hearthwas used to produce binary and ternary TiAI-based 
intermetallic alloys. The following alloys were studied: Ti-50AI, Ti-55AI, Ti- 
40AI-10Cr, Ti-50AI-10Cr, Ti-50AI-20Cr. Ti-49AI-2V and TI-45AI-5V (at.%). 
The microstructure of the alloys was studied prior to oxidation. The alloys 
all contained the y -phase to some degree in the as-formed condition with 
the exception of the Ti-50Al-20Cr. This alloy did appear to transform at high 
temperatures to a Laves + y structure.
In the binary alloys, we found that at lower temperatures, a larger 
proportion of the y -phase improved oxidation resistance but at higher 
temperatures this was not the case. This was attributed to the presence of 
nitrogen during oxidation favouring the formation of titania nodules within 
the oxide structure.
In the alloys with ternary additions of Or, we found that alloys 
favouring the Laves phase showed extremely good oxidation resistance at 
temperatures up to 1173K. The alloy containing a microstructure of 
X + Laves + (pC r) performed as well as the alloy containing the y -phase. 
Where the Laves phase was not present, severe oxidation was observed.
In the alloys with ternary additions of V, we found that vanadium 
additions had a detrimental effect on oxidation. With only small additions, 
oxidation similar to that of the binary alloys was observed. With 5 at.% 
vanadium, breakaway oxidation was observed, attributed to the increased 
amount of in the microstructure.
Evidence for the Z-phase was also observed in all alloys at 
1173K although this was sometimes very weak.
Magnetron sputter deposition was used to produce a Ti-50AI- 
10Cr coating on a TI-50AI substrate which was subjected to cyclic oxidation 
in air at 1173K, together with a reference sample of TI-50AI. Where the 
coating was continuous, the oxidation of the sample was reduced. However 
the coating had failed in places and severe oxidation occurred at these 
sites. Further work must be done to improve the adhesion and coverage of 
these coatings but they appear to be good candidates for further study.
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Introduction
Chapter 1
Introduction
1.1 Introduction
The ongoing search for new higher-performance materials for aerospace 
uses is driven by a number of issues. These include weight (density) 
reduction, strength increase, ductility increase and increase of service 
lifetime. These factors can often be brought down to one basic 
requirement, to optimise manufacturing costs and operational overheads 
without compromising safety and performance. This can be attained, either 
by using cheaper materials, lighter materials, stronger materials (allowing 
higher velocities, greater cargo capacity) or more corrosion resistant 
materials (longer working lifetime, reduced maintenance, higher operating 
temperatures). The greatest weight saving can be obtained from a 
reduction in material density, which results in a direct weight reduction 
(Figure 1.1) assuming all other material parameters stay the same.
In gas turbines, for example, the efficiency of a particular turbine can be 
improved by either reducing the mass of rotating parts (terrestrial and 
airborne systems) and/or the system as a whole (aeroplane engines or
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Figure 1.1 The effect of various property Improvements on structural 
weight. After Frees [1994]
other systems that need to propel their own mass. i.e. tanks) or by 
increasing the operating temperature of the turbine [Smarsly and 
Singheiser 1994].
Currently, the nickel-based superalloys are used for turbine components 
such as discs, blades, vanes and spacer rings, where high operating 
temperatures are required. Conventional titanium alloys are used to save 
weight where temperature requirements are not so high. Substantial weight 
savings could be made if monolithic or composite titanium aluminides could 
be used instead of the nickel-based superalloys in the higher operating 
temperature regimes [Table 1.1]. The most commonly used titanium alloy is 
Ti-6AI-4V (wt.%). Whilst this alloy has excellent corrosion resistance, its 
maximum service temperature is around 673K. There have been 
developments more recently that have lead to alloys such as the (3 alloy Ti- 
15V-3Cr-3AI-3Sn (wt.%), which have potential aerospace applications [Hall 
1983, Rosenberg 1983]. There are also near a  alloys such as IMI-834, Ti- 
5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si-0.06C (wt.%) which can operate up
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to 873K, but this is the limit to which conventional titanium alloys can 
operate whilst retaining acceptable mechanical properties.
Table 1.1 Densities of some common engineering elements
Aluminate Melting point (K) Density (g/cm^)
TisAI 1873 4.3
TiAl 1733 3.9
TI-6AI-4V (wt.%) 1650 4.4
FegAI 1813 6.7
FeAl 1603 5.6
NigAI 1663 7.5
NIAI 1913 5.9
Superalloys (typical) 1600-1673 9
In the current search for materials to replace the superalloys, much interest 
has been shown in the Ti-AI alloy system, in particular the «2  and
Y - T i A l  intermetallics. These combine high strength, good creep 
resistance and high modulus with a relatively low density (around 4g/cm^ 
see Table 1.1) [Lipsitt 1985]. Unfortunately, these alloys tend to have poor 
room-temperature ductility due to their ordered structure [Schechtman et al. 
1974, Greenberg and Gornostirev 1988, Greenberg and Gornostirev 1988- 
2, Frees etal. 1993] and poor high-temperature oxidation resistance above 
1073K [Quadakkers at a i  1997].
The (3-Ti stabilizing elements such as Nb, V, Cr, Mo and Mn have been 
added to TiAl in attempts to improve ductility with some success 
[Yamaguchi 1992, Meier 1997, Taniguchi 1997]. Niobium has been used 
successfully [Sastry and Lipsitt 1980] and work has also focused on 
vanadium as it is significantly less dense than Nb. Unfortunately, vanadium
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has serious detrimental effects on the oxidation resistance of the y -  TiAl 
based alloys [Strangwood et al. 1991]. Chromium, on the other hand, has 
been observed to give excellent oxidation resistance at elevated 
temperatures [Brady et al. 1997]. TiAi-Cr alloys have very similar thermal 
expansion coefficients to the y - T i A l  based alloys, which makes them 
potentially useful in thermally cyclic conditions [Tang et al. 1997].
It is possible that alloying further the ternary alloys based on y - T i A l  
containing vanadium and /  or chromium with other elements can alleviate 
the oxidation problems (in the case of vanadium) or the brittleness of the 
(%2 - T i A I  based chromium containing ternary alloys. It is therefore vital to 
understand the phase equilibria of the ternary alloys as well as the 
oxidation properties of the various phases.
The corrosion problems can, for some applications, be addressed by 
coating the surface of the materials, but a thorough knowledge of the 
oxidation mechanisms within the system should be gained prior to this. This 
is especially true under real service conditions, where coatings may be 
scratched or damaged, exposing the alloy beneath to oxidising conditions, 
with possible catastrophic results.
The oxidation resistance of binary and ternary y - T i A l  alloys is closely 
correlated with the composition and microstructure of the sub-surface 
depletion layer that is usually formed during oxidation at elevated 
temperatures [Rahmel and Spencer 1991, Rahmel et al. 1995, Shemet et 
al. 1997]. This was thought to consist of an aluminium-depleted a 2 - T i 0AI 
layer but recently, the existence of a cubic Ti-AI-O phase (the so-called Z- 
phase) has been claimed by Zheng et al. [1995], Rakowski et al. [1995], 
Lang and Schütze [1997], Cheng et al. [1996], Copland et al. [1996] and
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Dettenwanger et al. [1996a]. This Z-phase appears to have a bearing on 
initial oxidation kinetics of the binary and ternary titanium aluminides.
1.2 Objectives
The objectives of this study were the following:
1. Collate and review literature to-date on the subject of titanium aluminide 
microstructure and oxidation, with emphasis on those alloys containing 
vanadium and chromium
2. Investigate the oxidation behaviour of various Ti-AI-V and Ti-Al-Cr alloys 
at elevated temperatures.
3. Relate these findings to the microstructural properties of the alloys with 
the aim of assisting in further development of TlAI based intermetallics for 
aerospace uses.
1.3 Outline of Thesis
This thesis consists of 6 chapters of which this is the first. Chapter two is 
the literature review and is concerned with aspects of the titanium 
aluminide binary system. The literature review also describes the titanium 
aluminide ternary systems, alloyed with either vanadium or chromium as 
the ternary alloying additions. In particular, the relationships between 
microstructure and oxidation properties are examined and critiqued.
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Chapters 3 and 4 describe the experimental procedures adopted and the 
results obtained for oxidation studies on seven alloys. These were selected 
to investigate the effect on oxidation of the different phases present in the 
TiAl alloy system. In this case, two TiAl binary alloys and five ternary alloys 
were chosen, three alloyed with chromium and two with vanadium (Table 
3.1) The alloys were chosen to have an Al content of between 35 - 50 at.% 
as this is the range in which the phases under investigation are formed and 
also the range in which recent investigations have been concentrated. The 
alloys were subjected to isothermal oxidation for 100  hours in air at three 
temperatures, 973, 1073 and 1173K. A brief study of cyclic oxidation 
resistance was also carried out to investigate a coating based on one of the 
Ti-AI-Cr alloys.
Chapter 5 brings together the results and discusses the findings in relation 
to the oxidation resistance of the seven alloys studied. The microstructure, 
the ternary alloying element and the phases present in the alloys are 
related to their oxidation resistance at the temperatures is discussed and 
related to the previous work carried out by other groups on similar alloys. 
The presence of the Z-phase is discussed and the performance of the Ti- 
AI-Cr coating is appraised.
Finally the conclusions reached and some suggestions for further work are 
presented in chapter 6 .
Literature Review
Chapter 2
Literature Review
2.1 General Introduction
Since the principle interest in this study is the elevated-temperature 
oxidation of titanium aluminide-based intermetallics, this literature survey 
begins with a review of titanium alloys in general before moving on to the 
titanium aluminides and the TiAI-based intermetallics more specifically. In 
particular, tertiary additions of vanadium and chromium have been studied. 
These two alloying elements are of particular interest because vanadium 
improves the ductility and workability properties of the alloys and chromium 
is known to improve the oxidation resistance of these alloys. Where 
applicable, comparisons are made with other engineering alloys. Oxidation 
and corrosion resistance are discussed, together with the common means 
of combating corrosion, including coatings and alloying. A brief study of the 
effectiveness of a Ti-AI-Cr was also carried out to investigate the suitability 
of such coatings.
This chapter begins with a discussion on the titanium alloys and the Ti-AI 
alloy system. Current knowledge relating to the binary phase diagram and
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the ternary phase diagram with oxygen are discussed, together with the 
results of previous studies on the oxide scales. This is followed by a similar 
discussion on ternary additions, concentrating of additions of vanadium and 
chromium and a further section on coatings for reducing corrosion.
2.2 Titanium Alioys
2.2.1 Introduction
Titanium and titanium based alloys were initially developed for the 
aerospace industry In the late 1940s as a potential replacement for 
aluminium in the skin and structure of high-performance aircraft. This is 
especially true in the case of supersonic aircraft, modern military jets and 
helicopters. Here, there is a critical need for materials with a high strength 
to weight ratio (for example the entire mass of a helicopter is supported 
during flight by the gearbox assembly). This is becoming even more critical 
at the elevated operating temperatures of today's aerospace components 
as vehicles are pushed to higher and higher performances.
2.2.2 General Aspects of Titanium
Titanium, with a relatively high melting point (1943±10K)  was initially 
expected to have good creep properties over a wide temperature range, 
thus making it suitable for modern high-performance aerospace 
applications. However, this was found to be somewhat narrower than 
expected, limiting the applicability of pure titanium as an aerospace 
material. Despite this, titanium and titanium alloys now occupy a critical
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position, with over 75% of global titanium usage being within the aerospace 
industry.
Most of the remaining titanium produced is used in the chemical industry in 
catalysis although a growing portion of the titanium market is being taken 
by medical-related products, including hip-replacement joints where the 
inherent corrosion-resistance of titanium alloys is beneficial (titanium is also 
inert in the human body and does not cause rejection by the human 
immune system). Lately, there is increasing interest in the sport and 
jewellery industries.
The fact that many titanium alloys have a very high specific strength, which 
is retained at temperatures in excess of 773K for some alloys, when 
compared with other engineering alloys such as steels, nickel alloys and 
other light alloys has lead to acceptance of certain titanium alloys for critical 
gas turbine components (Figure 2.1).
There are a number of features that distinguish titanium from other light 
metals and which make the physical metallurgy of titanium, titanium alloys 
and intermetallics, interesting and rather complex.
1. Titanium undergoes an allotropie transformation at 1154.5K from a 
hexagonal close-packed structure ( a )  to a body centred cubic phase (|3 ). 
This gives the possibility of alloys with either a  or (3 -based microstructures 
or an a /|3  mixed phase microstructure. Alloying of titanium is thus 
dominated by the ability of elements to stabilize either one of the two 
phases.
2. Titanium is a group I Va transition metal, has an incomplete d-shell and
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Figure 2.1 Relationship of specific 0.2% proof stress with 
temperature for light alloys, steels and nickel alloys. [Polmear 1995]
can therefore form solid solutions with most substitutional elements 
providing they have a size factor within about 15% of that of titanium.
3. Titanium reacts strongly with several interstitial elements, including 
oxygen and nitrogen and these reactions can occur well below the melting 
point. This behaviour can extend to titanium alloys and intermetallics and 
has implications for corrosion resistance.
4. As a transition metal, titanium may form solid solutions with other 
elements with either metallic, covalent or ionic bonding.
Different alloying elements tend to stabilize either the a  or (3-phase.
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depending on the number of bonding electrons available. Elements with an 
electron to atom ratio of less than 4 stabilize the a-phase, including most 
non-transition elements such as C, N, O and Al. Transition elements with 
an electron to atom ratio > 4 stabilise the (3 -phase either with or without a 
eutectic phase. Those that favour the |3 -eutectoid reaction include Cr, Mn, 
Fe and Go and the |3-isomorphous elements include V, Nb, Mo and Ta. 
Elements with an electron to atom ratio of four, such as Zr and Hf, are 
considered neutral elements [Ceilings, 1988; Polmear, 1995] and tend to 
favour neither phase.
2.2.3 Titanium phase stabiiity
The oi-Ti stabilising elements, including aluminium and oxygen, tend to 
cause solution hardening and an increase in tensile strength of between 35 
and 70MPa per weight percent element added [Polmear, 1995]. Neutral 
elements such as Sn and Zr also dissolve in the a-phase with similar 
results. There is, however, a practical limit to the amount of a-stabilising 
elements that can be added since an embrittling, ordering reaction tends to 
occur with the formation of aj-TisAI. Since Al is the most important of the 
a-stabilizing elements, this effect is expressed empirically (in wt.%) as the 
aluminium equivalent parameter as follows:
Algq = AI + ( 1 / 3 ) S n  + ( 1 / 6 ) Z r + 1 0 ( O  + C + 2N)
In the single phase a-alloys, tensile strengths tend to be relatively low. 
These limitations lead to the investigations of alloys containing both the a -  
and (3-phases. The a /(3  alloys now have the greatest commercial 
importance, dominated by one alloy, TI-6AI-4V (wt.%) (IMI 318). These 
alloys are principally used for forged components as weldability is poor.
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Careful cutting is also required as the alloys work harden extremely rapidly. 
Most of these alloys contain elements to stabilize the a-phase (aluminium 
in IMI 318) together with enough |3-stabilizing elements to allow substantial 
amounts of this phase to be retained on quenching (vanadium in IMI 318). 
Alloying with (3-Ti stabilising elements lead to the near a-alloys (e.g. IMI 
834) that have superior creep performance compared with the a /p  alloys, 
e.g. IMI 318.
The p -Ti stabilizing elements also solution harden Ti alloys, but to a lower 
extent (10 to 50 MPa per weight percent added). Molybdenum is well 
known as a p-stabilizing element and as such, the effect of p-stabilizing 
elements is often expressed, in weight percent molybdenum equivalent, as 
[Polmear, 1995]:
MOgq = Mo + 0.67V  + 0.44W  + 0.28Nb + 0.22Ta + 2 . 9 F e + 1 . 6 C r - A I
The general class of p -stabilizing elements is arbitrarily defined as having 
a MOgq^ 10. The aluminium content is subtracted to reflect the opposite 
effect of this element.
2.3 The Ti-AI Alloy System
2.3.1 introduction
Any study of ternary (or higher order) alloy systems requires a sound base 
knowledge of the behaviour of the binary system upon which the alloys are 
based. This is especially true of a system as complex as the titanium -
12
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aluminium system. The interest in the ordered titanium aluminides arose 
from the poor oxidation characteristics of conventional titanium alloys when 
exposed to air for prolonged periods of time at temperatures in excess of 
873K. There are three titanium aluminide intermetallics of interest, (see the 
accepted Ti - Al phase diagram in Figure 2.2) TigAI, TiAl and TiAlg. The 
crystal structures of the three compounds are shown schematically in 
Figure 2.3. There exists a further intermetallic, TiAl2 about which little is 
known, probably due to the omission of TiAl2 from some of the early phase 
diagrams proposed in the 1960 s and 1970 s [Bend and Ma, 1997]. The 
T1AI2 phase exists as a line compound which does not melt congruently 
(Figure 2.2) and this further complicates its study. Work by Bend and Ma 
[1997] has established that the TiAl2 phase is extremely brittle and this, 
combined with oxidation data that indicates poor oxidation resistance at 
elevated temperatures [Meier et al., 1988; Bend and Ma, 1997] has 
resulted in little interest In this phase.
17004
1670 Liquid1600 '
1500-
1400-
1300
£  1200-E TiAl W
1000 '
«2
800 -
700- «Ti
600600 -
500 - 10(
Al
50 9030 40
Atomic Percent Al
60 70
Ti
Figure 2.2 TiAl phase diagram from Kattner et al. [1992]
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Figure 2.3 Crystal structures of the titanium aluminides. Black balls 
correspond to Ti and white balls to Al. From left to right, TigAI, TiAl 
and TiAlg. From Polmear [1995]
Ti^AI consists of an ordered hexagonal DO^g phase ( a 2 ). This phase has 
poor low-temperature ductility (as do the other titanium aluminides) 
probably due to a coplanar slip mode and the lack of sufficient slip planes 
either parallel or inclined to the hexagonal direction In the unit cell [Lütjering 
and Gysler, 1980; Yamaguchi et al., 1987]. This phase has a wide solubility 
range for Al, from 22-39 at.% Al [Kim and Froes, 1990]. Densities of TigAI 
based alloys tend to range from 4.3 to 4.7 g/cm^, which is very similar to 
that of titanium itself (4.5 g/cm^).
The TiAl phase (the y -phase) consists of the L I g tetragonal structure, 
which is slightly less dense, at 3.9 g/cm^ than TigAI (4.3 g/cm^). Dislocation
14
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mobility is also severely limited in this system although twinning occurs at 
higher temperatures, which probably accounts for the Increased plasticity 
observed. Work by Booth and Roberts [1997] has shown that the 
temperature above which the material yields rather than fractures, i.e. the 
brittle - ductile transition temperature, is in the range 873-973K, and that 
the temperature varies somewhat with strain rate.
There also exists a TiAIg (3.4 g/cm^) phase, which is very oxidation 
resistant, forming an AI2O3 scale in oxygen [Umakoshi etal., 1989] and also 
in air [Smialek and Humphrey, 1992] but which has no ductility below 873K 
[Yamaguchi et al., 1987]. The primary interest in this phase has been as an 
oxidation-resistant coating for conventional titanium alloys and the titanium 
aluminides. Unfortunately, TiAIg coatings are extremely brittle and possess en­
large thermal expansion coefficient mismatch with the substrate [Smialek, 
1993]. This can lead to cracking and a loss of protection, especially during 
thermal and mechanical cycling. Table 2.1 gives the physical properties of 
the three intermetallics. Specific yield strengths of some titanium alloys are 
given in Figure 2.4.
Table 2.1 Physical properties of titanium aluminides. [Froes eta!., 1992]
Compound CrystalStructure
Lattice
parameters
(nm)
Melting 
point (K)
Density 
(g cm -3)
Elastic
modulus
(GPa)
TigAI ( « 2 ) DO-19
ordered
hexagonal
3=0.5782
c=0.4626
1873 4.3 145
TiAl (y ) L Iq
ordered
f.c.
tetragonal
a=0.4005
c=0.4070
1733 3.9 175
TiAIa DO22
ordered
tetragonal
a=0.3840
0=0.8596
1613 3.4 20 0
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Figure 2.4 Specific yield stress values of two titanium aluminide 
alloys and a conventional near-a alloy [Kumpfert and Ward, 1992].
There are also other phases in the Ti-AI phase diagram towards the Al rich 
region. The Ti-AI phase diagram is extremely complicated and despite 
having been intensively investigated over a number of years, it is still not 
well understood in certain areas.
2.3.2 The TI-AI Phase Diagram
Initial work by Ogden et al. [1951] and Duwez and Taylor [1952] using 
metallography and X-ray diffractometry (XRD) formed the basis for a review
16
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by Hansen [1958] in which he proposed the then accepted phase diagram, 
shown in Figure 2.5. This suggested that the a  phase is formed by a
«CKMT f{«  CCNT awKimw
1300 o aphcu«
•  a -K t j
•  A j - p h o M
§  R«pion of Anonwlou* APB ContKMt
1100
QOOO
900
700
Q .
500
SRO
300 30
Atomic X  Aluminum
Figure 2.5 TiAl phase diagrams from Hansen [1958] (left) and 
Blackburn [1967] (right)
peritectoid reaction, (3 + y ^  a  whereas, Ogden et al. [1951] had proposed 
a peritectic reaction L + |3 ^  a .
Goidak and Parr [1961] confirmed the existence of an ordered a  phase 
and determined the structure of the phase a 2(T i3AI) to be D O -jg  with an X- 
ray diffractometry study of an Ti-25at.%Ai alloy.
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Early work into the phase diagram was hampered by the tools of the period, 
(optical microscopy and XRD) and it was not until more extensive use of 
the transmission electron microscope in the 1960 s and 70S that the a / a g  
ordering transformation was clarified. This work was carried out by 
Blackburn [1967a, b, 1970], according to whom the 03  + |3 a  peritectoid 
reaction, favoured by Sagel eta l, [1956], Clark et ai. [1962], does not exist. 
This was in broad agreement with work by Crossley [1966, 1967], who 
suggested that (TigAI) is a stoichiometric compound, which is not 
involved in a peritectoid reaction. He suggested the a  + «2  phase field on 
the Al lean side of the «g compound (Figure 2.5).
In the late eighties, a thermodynamic assessment of the TiAl phase 
diagram was carried out by Murray [1986, 1987], which resulted in the 
phase diagram shown in Figure 2.6. The diagram was in broad agreement 
with earlier work by Shull etal. [1985].
Since 1987, experimental work on the Ti-AI phase diagram has 
concentrated in the central area due to the interest in the yTIAI 
intermetallic. This work has culminated in the currently accepted phase 
diagram generated from a thermodynamic assessment by Kattner et ai. 
[1992] (Figure 2.2).
2.3.3 Oxidation
For a metallic material to be self-protective against high-temperature 
oxidation, it needs, at least, to be capable of forming a barrier to external 
oxygen diffusion. This usually takes the form of a slow-growing, oxygen- 
impermeabie oxide layer. Metallic materials can only be protected against 
high-temperature oxidation by the formation of slow-growing oxide scales
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Figure 2.6 TiAl phase diagram from Murray [1987]
consisting of AI2O 3, Cr2 0 3  or SI0 2  (BeO, though thermodynamically 
acceptable, is not included owing to its toxicity). This is because only those 
oxides have sufficiently low growth rates for long exposure times. 
Unfortunately, Cr2 0 3  evaporates to form Cr0 3  (gaseous) at elevated 
temperatures and cannot be used above about 1500K. Any oxide, if it is to 
be protective, must also have a density, similar to or slightly higher than 
that of the substrate. A less dense oxide layer will be porous whereas a 
slightly denser one is better. Some typical densities are given in Table 2.2.
A major, necessary, prerequisite for the formation of a protective scale (i.e. 
dense and continuous) is that the oxide formed is the most stable of all the
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Table 2.2 Densities of some common oxides and elements
Substance Density (g/cm^)
A I2 O 3 3.96 - 3.99
5.8
A l 2.7
Cr 7.2
Steel 7.7-7.9
possible oxides to avoid it being reduced during the oxidation of other 
components in the alloy.
In order to resist high-temperature oxidation of TiAl based alloys, a 
continuous scale of the slow-growing AI2O3, adjacent to the metal, is 
required. Initially, the high content of about 50 at.% aluminium would 
appear to be sufficient to create this scale, but this overlooks the necessary 
prerequisite that the AI2O3 must be the most stable oxide present [Luthra, 
1991]. Whilst this situation exists for the conventional Fe, Cr and Co-alloys 
with Cr, Al and Si as protective elements, in TiAl the oxygen equilibrium 
pressures of AI/AI2O3 and Ti/TiO are very similar [Rahmel et al., 1995]. The 
oxygen equilibrium pressures of selected metal/oxide systems are shown 
in Figure 2.7. Meier et al. [1988] reported the amount of aluminium required 
to grow a protective alumina scale in air to be around 60-70 atomic percent 
and indeed thermodynamic calculations on the Ti-AI-O system lead to the 
conclusion that Ti-AI alloys containing less than about 50-55 at.%  
aluminium could not form a protective alumina scale as alumina was not 
the most thermodynamically stable oxide of the alloy [Luthra, 1991 ; Rahmel 
and Spencer, 1991].
The activities of the metals determine which oxide is stable at any given 
moment. Therefore, as the initially more stable alumina grows, it creates an
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Figure 2.7 Oxygen equilibrium pressures of selected metal/oxide 
systems from Rahmel etal. [1995].
Al-depleted zone in the metal just below the interface. This decreases the 
activity of the aluminium relative to the titanium which then becomes the 
preferred scale-forming element until such time as the Ti-activity drops 
below that of the aluminium. Work by Meier and Pettit [1992] showed the 
activity of titanium to be higher than that of aluminium over a significant 
portion of the Ti-AI phase diagram (Figure 2.8).
Another problem is attributed to the high solubility of oxygen in both a-T i 
and the « 2 -Ti^AI phase. At elevated temperatures, a -T i can dissolve up to 
32 at.-% oxygen [Massalf,ki 1990] This allows a diffusion path for oxygen
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Figure 2.8 Binary phase diagram for the Ti-AI system and estimated 
aluminium activities vs. atom fraction of aluminium at 1100K [Meier
and Pettit, 1992].
into the bulk of the material where Al-rich lamellae of y -TiAl become 
preferentially oxidized (internal oxidation). This would seem to indicate that 
equilibrium between the Og and y phases is not complete, probably due to 
the relatively low diffusion rates in these phases (relative to the a  phase) 
and the phase transformations that occur during cooling.
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2.3.4 The Ti-AI-O Phase Diagram
The Ti-AI-O diagram is not well characterised [Rahmel and Spencer, 1991]. 
A simplified schematic of the phase diagram from the work by Luthra
[1991], Rahmel and Spencer [1991] and Rahmel et al. [1995] is shown in 
Figure 2.9.
O
TiO^
TigOs
TiO /
AlTi T13AI TiAl TiAls
Figure 2.9 Simplified Ti-AI-O Phase diagram [according to Luthra 
1991, Rahmel and Spencer 1991 and Rahmel et ai. 1995]
Thermodynamic calculations have been carried out by Rahmel and 
Spencer [1991], based on the assumptions that only alumina and titania 
are in equilibrium with the metal phases (and with the activity of these 
oxides both equal to one). They concluded that a change in the oxide
23
Literature Review
stability occurs in the homogeneity range of TiAl. Luthra [1991] reached the 
same conclusions. This would indicate that titania is the stable oxide phase 
in contact with the a 2 -  Ti^Al phase and that titania can be stable with 
Y - T iA l  alloys.
However, recent experimental phase equilibria studies of the Ti-AI-O 
system have found that the TiO/Alumina stability transition occurs at an 
aluminium content greater than approximately 20-25 at.% Al [Li et al., 1992; 
Zhang et a!., 1992; Becker et al., 1992; Chen et ai., 1995]. There is 
therefore no thermodynamic barrier (due to a lack of alumina stability) to 
protective alumina scale formation by Ti-AI based alloys in the composition 
range under investigation (35 - 50 atomic percent Al).
Becker et ai. [1992] have carried out microstructural analysis of phases 
within the oxidised metal and have proposed a more complex, but still 
incomplete phase diagram, as shown in Figure 2.10. This shows some 
important differences when compared with the simple phase diagram 
shown in Figure 2.9. The (%2 -TigAI phase can dissolve fairly high amounts 
of oxygen, up to 20 at.% according to different researchers [Becker et ai., 
1992; Gauer et al., 1994; Zhang et al., 1992], probably due to its similar 
crystal structure with a-T i. The solid solubility between the various low- 
valence oxide phases of Ti and Al is high. This would seem to depend on 
oxygen partial pressure [Lang and Schütze, 1997]. Calculations by Li et al.
[1992] suggest that oxygen in solution can significantly affect the free 
energy of the alloy phases, and when this is taken into account the 
calculated Ti-AI-O diagram can match the experimentally determined 
phase diagram.
Recent experimental evidence [Becker et al., 1992, Zheng et al., 1995a,
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Figure 2.10 TI-AI-O phase diagram according to Becker et al. [1992]
Rahmel et ai., 1995, Beye et ai., 1996, Dettenwanger et ai., 1996a, Cheng 
et ai., 1996, Beye and Gronsky, 1993, Shemet et al., 1997a, b] has 
suggested that one or more ternary TiyAlyOz compounds may be present in 
the alloys. The existence of these compound(s), with unknown 
thermodynamic properties could also account for the discrepancies 
between the calculated and the experimentally observed Ti-AI-O phase 
diagrams [Zheng et al., 1995b]. The general consensus is that these 
compounds are cubic in nature and the more commonly observed phase 
has been dubbed the ‘New Cubic Phase' (NCR) and has been labelled the 
‘Z ’-phase.
25
Literature Review
Cheng et al. [1996] reported that this Z-phase, depleted in Al relative to the 
bulk material, was formed between the oxide scale and the substrate 
during the initial stages of high temperature oxidation of y -TiAl. Similar 
phases have also been observed by Beye and Gronsky [1994] and Dowling 
and Donlon [1992], who observed a phase they described as Ti2AI but 
which was probably the Z-phase. Copland et al. [1996] reported a phase 
they dubbed the ‘X ’-phase which is probably the Z-phase, see Figure 2.11. 
Cheng et al. [1996] report the Z-phase as belonging to either P432 or 
P4232  groups. These two groups cannot be distinguished from each other 
in Convergent Beam Electron Diffraction (CBED), the analysis technique 
they used. More recent work by Shemet et al. [1997a] to synthesize the 
cubic Z-phase by vacuum sintering and self-propagating high temperature 
synthesis, has determined the space group of the phase to be P2-j3 or 
P4-|32 using X-ray and electron diffraction data. They also determined that 
at 1173-1223K, the Z-phase is in equilibrium with both the y -TiAl and ci2 - 
TisAI phases. Beye and Gronsky [1994] reported this phase as possibly 
being TiigAlgO or Ti<|oAl0O2 whereas Zheng et al. [1995a] reported it as 
Ti5Alg0 2 , which is in agreement with more recent work by Shemet et al. 
[1997a] who also reported the phase as possibly being (Ti, Al)4 0 . Most 
authors agree on the cubic lattice parameter being around Bq = 0.69 nm 
[Rakowski et ai., 1995; Cheng et ai., 1996; Lang and Schütze, 1997; 
Shemet et al., 1997a, b]. Results from Shemet et ai. [1997a] indicate that 
the Z-phase possesses a near-stoichiometric composition although a small 
homogeneity range cannot be excluded [Figure 2.11].
Recent X-ray work to isolate the Z-phase by Zheng et ai. [1995a], Shemet 
et al. [1997a] and Copland et al. [1999] has resulted in the general 
agreement of the Z-phase as Ti5oAl3o0 2 o-
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Figure 2.11 Titanium-rich corner of the Ti-AI-O phase diagram at 
1173K from Shemet etal. [1997a]. The position of the Z-phase is 
given by the Z'. The X-phase reported by Copland et ai. [1996] is
given by X'.
Our knowledge of the Ti-AI-O phase diagram is still very incomplete, 
especially in the low oxygen pressure region. Unfortunately, until more data 
on the free energy of formation of Ti2 0 s and of the solid solutions between 
the oxide phases is obtained, no accurate thermodynamic calculations are 
possible. Greater knowledge of the solubility of the two main oxides, Ti0 2  
and AI2O3, within each other would also be of benefit in understanding the 
nature of the oxide scale as it is formed.
2.3.5 The Nature of the Oxide Scale
Several authors have found the oxidation resistance of titanium aluminides
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to differ significantly in air and oxygen [Rahmel and Spencer, 1991; Meier 
and Pettit, 1991]. In spite of a considerable number of publications on this 
issue the underlying mechanisms have not yet been fully clarified.
Investigations of y -TiAl and some TiAl alloys in air and pure oxygen 
between 973K and 1173K by Becker et al. [1992] identified three different 
types of scale growth and structure, as shown in Figure 2.12. This was also 
reported by Shida and Anada [1993].
(A) TiAl Al-depletedzone AI2O3 Gas
(B) TiAl Al-depletedzone
TIO2 AI2O3 
fine dispersion AI2O3
T 1O2 coarse 
dispersion Gas
(C) TiAl Al-depletedzone
Ti0 2  AI2O3 
fine dispersion
Ti0 2  AI2O3 
coarse dispersion Gas
Figure 2.12 Possible scale structures [Becker et a/., 1992; Rahmel 
etal., 1995; Quadakkers etal., 1997a, b]
A clear differentiation between types (A) and (B) is often not noted, most 
authors just stating that a layer rich in AI2O 3 is seen within the scale. 
Platinum markers have been used [Becker et al., 1992] to ascertain scale 
growth direction. The scale has been seen to grow in two directions, the 
coarse grained layer by outward diffusion of the metal cations and the fine
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grained scale by inward diffusion of oxygen. Long-term oxidation 
experiments (up to 300 hours) at 1173K [Becker et al., 1992] showed that a 
(B)-stage scale is only stable up to a critical thickness. Above this 
thickness, the AI2O3 layer (which until then acts as a slight barrier) 
dissolves into the titania surrounding it and precipitates as a collection of 
large AI2O3 particles in the outer Ti0 2  layer. This causes an effect similar to 
breakaway oxidation [Castle, 1976, Becker et al., 1992]. This effect has not 
commonly been observed as most experiments are run for times greater 
than 100 hours. Becker et al. [1992] have correlated the breakaway 
oxidation with a change in the scale structure from (B) to (A). They maintain 
it is not a consequence of scale cracking as the thickness ratio of the two 
scales (outer and inner) remains constant. A model for this dissolution 
process has been proposed [Becker et al., 1992]. The formation of this 
barrier layer can be understood by the oxygen partial pressure dependence 
of the solubility of AI2O3 in Ti0 2  [Becker etal., 1992]. Recent investigations 
of the early stages of oxidation [Lang and Schütze, 1997] reveal AI2O3 
enrichment of the outer part of the scale. This region is porous, probably as 
a result of the outward migration of dissolved Al ions, which then precipitate 
out in the outer part of the scale, where the oxygen partial pressure is 
higher [Lang and Schütze, 1997].
Transport of both metallic species and oxygen occur in the TiÛ2 and TiO% 
phases or along grain boundaries, if a mixed scale of AI2O3 and Ti0 2  is 
formed. At low oxygen pressures, Ti ion ^are dominant, whereas at higher 
pressures oxygen ion vacancies are the dominant defects in Ti0 2  [Kofstad, 
1988; Tanigushi et a!., 1994] Only a solution of Al ions can explain the 
oxygen dependent solubility [Becker et al., 1992; Kofstad, 1988]. In pure 
titanium, about 10% of the scale growth is by outward cation transport, 
whereas in TiAl this rises to 30% (at the same temperature) suggesting that
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dissolution of AI2O3 in Ti0 2  changes its transport properties [Rahmel et a/., 
1995].
Most authors have found that oxidation in laboratory air (or nitrogen plus 
oxygen) leads to higher oxidation rates [Choudhury et al., 1976; Meier et 
al., 1993], but some authors have noted the opposite effect under certain 
circumstances. Becker et al. [1992] observed that for Ti-50AI and Ti-49AI- 
IV , oxidation rates were higher in pure oxygen than in air at 1173K but 
higher in air than oxygen above 1273K. Oxidation in pure oxygen tends to 
favour the formation of an AI2O3 scale, whereas in air, a mixed scale of 
AI2O3 + Ti0 2  is formed preferentially. Recent investigations in air have 
found that TiN formed below the mixed AI2O3 + Ti0 2  scale [Lang and 
Schütze, 1997], which could suggest that the simultaneous formation of the 
oxides and nitrides hampers the formation of a protective AI2O3 scale. This 
is due to the tremendous stability of both the aluminium and titanium 
nitrides, with TiN being the more stable of the nitrides formed. Once such a 
mixed scale has formed, the likelihood of a protective AI2O3 scale forming 
at the metal/oxide interface is very small, especially if there is an aluminium 
depleted zone below the metal surface. Nitride formation can also 
counteract the formation of this aluminium depleted zone [Rahmel et al., 
1995] and strong nitridation can even promote the formation of T1AI3 in a 
layered system [Becker et a!., 1992]. This aluminium enrichment due to 
TiAl3 formation, could lead to favoured AI2O 3 formation, provided 
aluminium transport across the nitrides is not prevented. More work needs 
to be done to further understand these nitrogen effects, especially as most 
literature only investigates the oxidation mechanics in air considering only 
Ti-AI-O thermodynamics and not Ti-AI-O-N, which would be more 
appropriate.
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Essentially, the oxidation process in air proceeds in 3 stages as follows:
1. Initial formation of AI2O3 and Ti0 2 -
• Al depletion and subsequent formation of Ti-rich subsurface 
zone.
• Increase of Ti-activity and decrease of Al-activity.
• Formation of Ti-nitrides and oxides and the metal/oxide interface 
caused by the nonprotective oxide scale.
• Rapid oxide growth until consumption of the Ti-rich subsurface 
zone.
• Formation of the cubic Z-phase.
2. Change of the subsurface zone from Ti-rich to TiAl.
• oxidation behaviour is different to stage 1 because of the 
previously formed oxide scale.
• linear growth through repeated formation of Titanium nitrides, 
AI2O3 , and Ti3AI at the metal/oxide interface.
• Conversion of Z-phase to Ti3AI.
3. Formation of the outer AI2O3 barrier.
• Parabolic oxide growth.
It would appear that the initial formation of the cubic Z-phase can lead to a 
protective alumina scale on y -TiAl under certain conditions [Rahmel et al., 
1995; Shemet et a/., 1997a, b] but more recently it has been reported that 
oxidation in a nitrogen-containing atmosphere depresses the formation of 
the cubic phase, the probable cause being nitrogen stabilization of the Cg- 
Ti3AI phase at the expense of the cubic Z-phase [Zheng eta!., 1995b].
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2.4 Ternary Alloys
2.4.1 Introduction
To improve the oxidation resistance of iron-, nickel- and cobalt-based 
alloys, chromium, aluminium and silicon are added, in varying amounts, to 
form a protective, slow-growing scale of Cr2 0 3 , AI2O3 and/or Si0 2  as has 
been discussed in section 2.3.3. These scales are, in addition to being 
much more stable, completely different in chemical composition from the 
base alloys. This limits any interdiffusion from the oxide to the substrate 
and therefore any internal oxidation or other corrosive processes.
In Y-TiAl the situation is very different as Cr2 0 3  and Si0 2  are not as stable 
as AI2O 3 or the titanium oxides (primarily TiO and Ti0 2 ). There exists 
therefore no element (with the possible exception of beryllium - which has 
unfortunate toxicity consequences in the oxidized state) that forms a slow- 
growing oxide with a higher thermodynamic stability than AI2O3 and Ti0 2 - 
Our objective, therefore, in alloying is to favour the formation of a 
continuous AI2O3 scale over a mixed scale containing titanium oxides. One 
method of stabilizing AI2O 3 would be to increase Al diffusion in the bulk of 
the alloy. This has been discussed by Perkins et al. [1987] according to 
whom, AI2O3 formation can be supported by elements that decrease the 
rate of transient oxidation and/or the permeability of oxygen in the metal 
phases. Unfortunately, this effect is only significant at temperatures above 
1475K where y -TiAl shows severe strength limitations. Ti0 2  doping with 
oxides of alloying elements has also been tried but growth rates as low as 
those for alumina have not and almost certainly cannot be attained 
[Kofstad, 1988; Quadakkers etal., 1993].
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Experiments dating back to the 1950’s [McAndrew and Kessler, 1956] and 
1960’s [Aitken, 1967] have established that alloying additions can reduce 
the rate of oxidation of y -TiAl alloys. Further work in the 1990's has 
consolidated this, with individual studies on a wide range of alloying 
elements on the oxidation resistance of y -TiAl based alloys. This work has 
been extensively reviewed by Doychak [1994], Welsch et al. [1996] and 
Tanigushi [1997a] but despite this extensive work, it is difficult to make 
accurate, definitive predictions as to whether a given alloying addition will 
improve oxidation resistance.
Preoxidation at low oxygen pressures has been proposed [Tanigushi et al.,
1994] as a method of obtaining stable AI2O3 scales but this has had no 
useful, reproducible results and would require further investigation for the 
proposed mechanisms to be verified.
Referring to the previous section, 2.3.5, where the probable scale-growth 
mechanism for the binary alloys was outlined and broken down into 3 
stages (Figure 2.12), it is important to know whether an alloying element 
affects growth in stage (A) or stage (B) of the scale formation. Although 
confusing and contradicting results have been presented for several 
alloying elements, it is generally agreed that Nb, W, Si, Mo, Hf, Zr, Cl and 
Ta appear to improve the high-temperature oxidation resistance of TiAI- 
based intermetallic alloys [Sunderkotter et al., 1997; Rahmel et al., 1995; 
Tanigushi etal., 1998]. For example, Nb additions reduce the growth rate in 
stage (B) in air and also in oxygen except that internal oxidation occurs, 
probably leading to enhanced growth after longer times [Rahmel et al.,
1995].
The microstructure of the alloy can dramatically affect the initial oxidation
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and therefore alloying elements that can affect the phase formation within 
the alloy could change the oxidation behaviour, although possibly without 
affecting the oxide composition. Chromium additions have been observed 
to have both negative effects and positive benefits, depending on alloy 
composition, microstructure, oxidation atmosphere and oxidation time 
[Rahmel etal., 1995].
Nitrogen is seen to reduce the time to onset of stage (B) and therefore 
experiments in air should be considered differently to those conducted in 
oxygen or oxygen enriched atmospheres. Specifically, any interaction 
between the nitrogen and any alloying elements active in stage (B) must be 
investigated.
2.4.2 Vanadium-containing Aiioys
Initial studies of the Ti-AI-V ternary system were based around the Ti rich 
corner of the system. This was due mainly to the establishment of 
engineering alloys such as IMI-318, Ti-6AI-4V (wt.%) during the fifties. 
Aluminium is an important a  stabilising element, commonly used for all a  
and a  + p alloys. Vanadium is a p isomorphous element and is frequently 
used to stabilise both the p and a  + p alloys.
The first reported isothermal sections of the Ti rich corner of the Ti-AI-V 
system were published in 1956 by Rausch et al. [1956] between 873K and 
1473K. These were carried out using optical microscopy and showed 
a / { a  + p) and (a  + p ) / p  boundaries but failed to observe the presence of 
a 2(T l3A I). This was partly due to the limits of the equipment and 
techniques used but also because the work was based on the then 
accepted Ti-AI diagram, which did not show the presence of the «2  phase
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and as such they did not look for that phase.
During the sixties, work by Kubaschewski et ai. [1960], Farrar and Margolin 
[1961], Kornilov et al. [1965, 1966], using X-ray and metallographic 
techniques as well as the optical microscopy and thermal methods used 
previously, established the presence of the TigAI phase in isothermal 
sections ranging from 773K to 1673K. Raman [1966] also observed 
numerous phases such as TiAl2 , TigAI-n and TigAl23 as well as TiAIg and the 
«2  and Y phases. However, only the TIAI3 phase is generally accepted to 
exist in this part of the Ti-AI binary system.
Kornilov et ai. [1965, 1966] performed investigations with alloys containing 
up to 45 weight% Al and 54 weight% V  using a range of techniques. All 
isothermal sections contained the a , (%2 and y phases that are recognised 
in the present Ti-AI phase diagram.
The Ti-AI-V phase diagram was re-examined in the mid-eighties by 
Hashimoto et ai., [1986] who used scanning electron microscopy and X-ray 
diffractometry to establish isothermal sections at 1073K and 1273K. The 
isothermals generated at this time are in broad agreement with those from 
Kornilov et ai. [1965, 1966] although the size of the 012 + P + y field 
increases with increasing temperature, which is the opposite effect to that 
observed by Kornilov et ai.
Work prior to 1993 was summarized by Hayes [1993] and presented as a 
series of isothermals. The section for 1273K is shown in Figure 2.13, which 
shows the recognised single, two and three-phase regions. The high- 
temperature TiAl phases (Ti2Al5 , TigAI^^, TiAl2(h) and Ti^.^AI-i+x, Schuster 
and Ipser [1990]), usually shown with % were omitted from the isothermal
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sections as they have not been Investigated experimentally with respect to 
ternary behaviour.
Ti
gr i d  in a t .  % 
axes in mass %
Figure 2.13 Ti-AI-V Ternary Phase Diagram Isothermal at 1293K 
from Hayes [1993]. The ^ phase between TIAI2 and ô is not
included.
Shao [1995] calculated the Ti-AI-V phase diagram. The |3-phase was 
modelled as a disordered solution phase since there is no equilibrium 
ordering within these binary systems. Calculated isothermals for this 
system are shown in Figure 2.14 (1173K) and Figure 2.15 (1073K), and 
include some experimentally determined phase boundaries and tie-lines for
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reference. The calculated phases are in good agreement with experimental 
data, especially at the Ti-rich end.
O Maeda, 1988
O  Ahmed, 1991 
0  single phase
#  two phase
^  three phase
+  Hashimoto, 1986
20 40 60
W E IG H T  P E R C E N T V
10 0
Figure 2.14 Calculated Ti-AI-V isothermal section at 1173K (from
Shao, 1995)
2.4.3 Chromium-containing Aiioys
Work by Perkins and Meier [1989] showed that by substituting a minimum 
of 8 - 10 at.% Cr for titanium in Ti-AI based intermetallics, the amount of 
aluminium needed for a protective aiumina scale in air was reduced from at 
least 60-70% at.% to as little as 33 at.%. Luthra [1991] proposed that this 
effect is thermodynamic in nature. The substitution of chromium for titanium 
reduces the titanium content of the alloy. Luthra [1991] postulated that the
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Figure 2.15 Caicuiated Ti-AI-V isothermal section at 1073K (from
Shao, 1995)
reduced titanium content effectively increased the activity of aiuminium 
relative to that of titanium and thus shifted the titania/alumina stability 
transition to a lower aluminium content. This wouid ailow the use of alloys 
with lower aluminium content in ternary Ti-Ai-Cr alloys than in the binary Ti- 
AI.
More recently, however, experimental work by Becker et ai. [1992] and 
others has shown that the thermodynamic barrier to alumina formation 
does not exist in the composition range being discussed (35 - 50 at.% Ai 
and 8 - 1 0  at.% Cr) and therefore there must be a different mechanism or 
combination of mechanisms at work [Brady et al. 1997a]. As discussed 
previously, this couid be due to internal oxidation or to the effect of the, as 
yet, still not completely characterised, cubic Ti^AlyOz phase(s) that may be
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present. In either case, the thermodynamic argument by Luthra [1991] 
cannot, in its present form, account for the effect of chromium because the 
proposed TiO/Alumina stability transition at around Ti-50at.%AI does not 
occur. This "Cr effect” has been the subject of recent studies by Berztiss et 
al. [1995], Brady et ai. [1997a,b] and Wang et al. [1997] all of whom are in 
general agreement.
Brady et al. [1995] plotted the Perkins and Meier [1989] protective Ai2 0 3  
boundary on a schematic Ti-AI-Cr phase diagram. This showed that the key 
to the oxidation resistance of these alloys lies in the Ti(Cr, Al)2 Laves
( 5 e e  A p p ô A d 'r f
phasq( Further work by Brady et al. [1997a] has concluded that ternary 
alloys which contain a major volume fraction of the y - and/or Laves phases 
are stable with alumina in alumina/alloy diffusion couples at 1273K. This 
behaviour is interpreted as indicative of low oxygen permeability, especially 
when compared with alloys containing a major volume fraction of the «2  or 
|3 phases, which they observed to dissolve the alumina in the same 
situation. This is consistent with earlier suggestions by Perkins et al.[1987] 
and Berztiss et al. [1995].
Hayes [1992] summarised work on the Ti-AI-Cr phase diagram prior to 
1992 although no complete isothermals were published at this time.
Shao and Tsakiropoulos/^onstructed an isothermal section at 1273K using 
data from previous work based on the review by Hayes [1992] with 
additional data from Klansky et al. [1994], Jewett et ai. [1996] and Jewett 
and Dahms [1996]. This isothermal is given in Figure 2.16.
2.5 Coatings for Reducing
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Figure 2.16 isothermal section of the Ti-Ai-Cr system at 1273K from 
Shao and Tsakiropoulos [1999].
Corrosion
2.5.1 Introduction
Various coating methods have been proposed and researched in the past, 
some fairly successfully, to reduce oxidation and corrosion in metallic 
alloys. These include metallic additions to the surface layer to promote a 
particular constituent at the surface such as to create preferential oxidation
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of that element. Basic paints and polymer coatings have also been 
examined.
To be effective, coatings designed to resist oxidizing environments at high 
temperatures must be capable of developing a surface oxide iayer which is 
thermodynamically stable and slow-growing [Toma et ai., 2000]. The 
coating should also adhere well to the substrate and have a similar thermal 
expansion behaviour to the substrate, especially if the material is to be 
used in thermally cycling environments such as aerospace and vehicular 
applications. A coating should also posses^ if possible, a self-repair 
capability so that scratches and other damage does not iead to 
catastrophic failure. Ideally, such damaged areas should also be obvious to 
maintenance workers.
2.5.2 Coatings for Titanium Intermetaiiics
To date, little work has been done in this area. Initial coating trials lay in 
attempting to form a continuous alumina scale over the sample by pre­
oxidation, by aluminizing [Tang et ai., 1997] or by reactive sputtering of 
alumina on the surface [Lou et ai., 1991; Tang et ai., 1997]. In the last few 
years, the high-velocity oxygen fuei (HVOF), thermai-spraying process has 
been deveioped as an aiternative to traditional sputtering techniques as it is 
a somewhat cheaper technology [Brandi et al., 1997].
Aluminizing can be effective, as the main phase formed during the 
treatment is usually the very oxidation resistant TiAIg phase [Streiff and 
Poize, 1983; Subrahmanyam, 1988; Munro and Gleeson, 1996]. Whilst this 
phase is the source of excellent isothermal oxidation resistance, the 
thermal expansion mismatch between the substrate and the coating,
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combined with the brittle nature of the TiAIg phase, is sufficient to cause 
cracking and/or spalling off of the protective oxide during even moderate 
thermal (or mechanical) cycling, thus exposing the substrate and causing 
further, catastrophic corrosion [Smialek, 1993, Brady et al., 1996a].
Nitriding has also been investigated, usually in the context of a coating for 
high speed steels (HSS) but this could be a useful coating method for 
titanium aluminides under the right conditions. Initially, (Ti-50AI)N coatings 
were investigated [Knotek et a/., 1986 and Mtinz, 1986] but more recent 
work has revolved around the y alloy [von Richthoven et a/., 1998]. This 
work is interesting as it focuses on the structure of the (Ti,AI)N layers 
deposited on the substrate. General results after oxidation have indicated 
an AI2O3 rich outer layer (usually amorphous) and a mixed 1102  ®ad AI2O 3 
sublayer. No serious long-term oxidation tests have been performed, but 
initial work would seem to indicate the oxidation characteristics differ only 
slightly from that of a nitrided TiAl alloy [Magnan et a/., 1999]
Recent work has focused on TiAI-Cr and MCrAlY (M = Ni, Co) alloys as a 
potential coating for gamma Ti-intermetallics. Yttrium is known to improve 
the adherence of the oxide scales formed. Irrespective of the alloy 
composition and the nature of the oxide scale formed [Smeggil, 1987; 
Moon, 1989]. Tang et al. [1997], performed a series of experiments using 
both TiAICr and MCrAlY coatings. These were sputtered using magnetron- 
sputtering to a thickness of around 30pm. Both TiAICr and MCrAlY coatings 
exhibited improved isothermal and cyclic oxidation resistance at high 
temperature (1173K) with the TiAICr alloy (Ti-37AI-14Cr (wt.%)) showing 
the best compatibility to the substrate.
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2.6 Conclusions
Whilst much time has been spent in the study of the base TiAl intermetallic 
alloys, very little systematic work has been undertaken to relate the alloy 
microstructure with high-temperature oxidation resistance, especially with 
regard to the effect of tertiary alloying additions. There have been ad-hoc 
investigations of the general effects of alloying additions (in tertiary and 
more complex alloys) on oxidation but these have tended to lack a 
systematic approach with work concentrating on the oxide without 
reference to the alloy microstructure. The microstructure of the binary TiAl 
intermetallics is well understood as is that of tertiary alloys based on TiAI-V 
and TiAI-Cr. There is also good understanding of the basic oxidation 
process occurring in the binary alloys although detailed knowledge of all 
the oxidation products is still lacking.
This work concentrates on the effect that additions of chromium or 
vanadium have on the oxidation properties of TiAl-based intermetallics with 
particular emphasis on how the resultant alloy microstructure influences the 
oxidation behaviour of the alloy. These two alloying elements are of 
particular interest because vanadium is known to improve the ductility of 
the TiAl intermetallic alloys and chromium is known to improve the 
oxidation resistance of these alloys. Where possible, oxidation products 
have been identified to confirm observations made by other research 
groups.
The aim of this work is to improve our understanding of the microstructure/ 
oxide relationship so that in the future, alloys can be specified by 
microstructure so as to optimise oxidation performance for a particular
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application.
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Chapter 3 
Experimental Details
3.1 Alloy Selection
This study was concerned with the medium and longer-term oxidation 
resistance of titanium aluminide based intermetallic alloys. The base, 
binary structure (TiAl) and a number of tertiary compounds containing 
either vanadium or chromium as the third alloying element were 
investigated.
The compositions of the alloys studied in this thesis are given in Table 3.1. 
The microstructure of these alloys has been previously characterised and 
is well understood [Shao 1995, Shao and Tsakiropoulos 199Ç{]. Alloy 1 
(composition Ti-50at.%AI) was chosen as the reference alloy for this study. 
The microstructure and oxidation properties of all the alloys were compared 
to the reference alloy. Alloy 2 was chosen as it is close to the single-phase 
pure y composition. Vanadium was chosen as one of the ternary alloying 
elements, not only because of the well established microstructure of the 
vanadium-containing titanium aluminides, but also as it addresses the 
issue of poor ductility of the intermetallic and as such could become a
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viable alloying element for engineering materials. Chromium is known to 
reduce oxidation rates but can have a detrimental effect on ductility if 
present in too great an amount, by increasing the concentration of brittle 
phases. Chromium was also chosen to investigate the effect of the Laves 
phase on oxidation resistance.
Alloy selection sought to explore potential improvements in oxidation 
resistance by the formation of more oxygen-resistant phases in the alloy, 
without impacting too greatly on the mechanical properties of the material. 
The two vanadium-containing alloys (6  and 7) were chosen to have a 
7 + 02  lamellar structure.
Table 3.1 Nominal compositions of the alloys selected for this study.
Alloy
Composition (at%)
Ti A! Or V
1 50 50 - -
2 45 55 - -
3 50 40 10 -
4 40 50 10 -
5 28 52 20 -
6 49 49 - 2
7 50 45 - 5
Two chromium-containing alloys (alloys 4 and 5) were chosen to 
investigate the different oxidation characteristics of two-phase alloys, the 
microstructure of which contained the Laves phase (Ti(Cr, Al)2) and either 
the gamma or tau phases. Alloy 3 was chosen to investigate the effect of 
compositing the brittle gamma phase with a ductile beta phase and at the 
same time keeping low the volume fraction of the Laves phases as they are 
extremely brittle [Brady et ai. 1996b].
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A brief investigation of cyclic oxidation was also carried out. This used two 
samples of alloy 1, one uncoated and the other coated with a Ti-50AI-1 OCr 
alloy to investigate the robustness of such materials under more 
demanding situations.
3.2 Ingot Preparation
It was decided to use conventional melt solidification, by skull melting in a 
water-cooled copper hearth as this results in near-equilibrium 
microstructure solidification. The cooling rates obtained were in the region 
of 10  to 100  Ks’T
Ingots of all the alloys were prepared by arc melting with high purity starting 
materials using a modified Marko model T5 melt spinner. The alloys were 
cast in a water cooled copper hearth in an argon atmosphere (Figure 3.1). 
Repeated melting was carried out for each alloy to ensure ingot 
homogeneity. Chemical analysis of the ingots, performed by IMI Titanium 
gave the following concentration limits: H: 25wppm, N: 30wppm and O 
SOOwppm.
Figure 3.1 shows the charged crucible and electrode inside the vacuum 
chamber, as weil as the Molybdenum wheel and brake system for ribbon 
preparation. The melt spinner is shown schematically in Figure 3.2. No 
melt-spinning was carried out although it was necessary to spin the wheel 
during melting to avoid damaging the wheel by over-heating.
A water-cooled, hemispherical copper hearth was used to minimise
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Figure 3.1 Arrangement of the crucible, electrode and wheel in the 
Marko melt spinner. The crucible is shown charged with eiemental
lumps.
crucible-alloy reactions and keep contamination to a minimum. Elemental 
lumps of material were placed in the hearth, a full charge typically being 
between 0.3 and 0.4 Kg. The chamber was then evacuated to < 10"  ^ Pa in 
two stages with a rotary and a diffusion pump. The chamber was then 
flushed with high purity argon (> 99.998% purity, BOC pureshield grade, 
maximum permissible impurities; oxygen 3vpm, nitrogen 3vpm, moisture 
3vpm and hydrocarbons Ivpm ) and evacuated again. This was repeated 
up to three times until a good vacuum was reached. The chamber was then 
back-filled with argon to about 50kPa, sufficient to form and maintain the 
arc.
Arc melting was performed using an non-consumable tungsten electrode.
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1. Vacuum Chamber (~1m diameter)
2. Molybdenum Wheel
3. Water-cooled Copper Hearth
4. Hearth Tilting Mechanism
5. Copper Electrode
6. D.C. Power Supply
7. Argon Inlet (with valve)
8. Air Inlet (with valve)
9. Diffusion Pump
10. Rotary Pump
11. Gate Valve
12. Backing Line Valve
13. Roughing Line Valve and Filter
14. Ribbon Collection Space
15. Asbestos Wheel Brake
16. Non-consumable Tungsten 
electrode tip
17. Manual control rod
Figure 3.2 Schematic of modified Marko T5 Melt-Spinner
The arc was provided by a DC generator with a current of between 800A 
and 1200A being passed at between 25V and 30V. The melting typically 
lasted 3 to 4 minutes, with the electrode being passed close to the surface 
of the melt in a circular manner, to promote mixing. The process was
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repeated at least three times, the ingot being inverted between each 
melting, to ensure homogeneity.
The power input had a large effect on the speed at which the alloys melted. 
Excess power in the initial stages of melting would increase the initial depth 
of the melt pool within the crucible. No direct control of melt superheat was 
possible. Moss [1959] showed that a consumable electrode of 10mm 
diameter created a melt pool depth of approximately 1 0mm at a current of 
1050A, increasing to 45mm as the current was increased to 1800A, in a 
50mm diameter molybdenum ingot. The maximum ingot depth in this work 
was 15mm, suggesting that at around 10OOA the melt pool extended close 
to the water-cooled hearth face, with only a thin skull being formed.
Immediately prior to the arc being switched off, the electrode was 
positioned over the centre of the melt and the current was reduced, 
decreasing the size of the melt pool. The melts cooled rapidly once the arc 
was switched off, continuing to glow red for approximately 30 seconds.
Ingots were initially sliced with a Struers discotom into sections suitable for 
further preparation in a Struers accutom. Samples were then cut with the 
accutom using a diamond wheel and hand-polished to 1200  grit finish on a 
circular polishing table. Samples were then ultrasonically washed in 
acetone immediately prior to use to remove grease, dirt and any remaining 
swarf.
All oxidation samples were measured with a micrometer prior to oxidation, 
to obtain an accurate measure of surface area for further analysis. Samples 
for oxidation studies were approximately square 2x2x2 mm in size. These 
were placed in either a platinum or alumina crucible and inserted into the
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thermogravimetric analyser. The temperature range investigated 
was from 973K up to 1173K.
Samples for X-ray diffractometry and cyclic oxidation experiments were cut 
somewhat larger so as to fit in the sample holder of the X-ray 
diffractometer. These were approximately 10x20x3mm and were prepared 
as described above.
3.3 Manufacture of Coated 
samples
20x10x2 mm coupons of alloy 1 were coated with a Ti-50AI-10Cr (at.%) 
intermetallic to a nominal thickness of 30pm by magnetron sputter 
deposition with single target materials. This composition was chosen to 
have a microstructure containing the Laves phase and was essentially 
similar to alloy 4.
3.4 Oxidation
3.4.1 Isothermal Oxidation
The isothermal oxidation experiments were carried out on a pair of Stanton 
Instruments Thermogravimetric Analysers (TGA) at 973K, 1073K and 
1173Kfor 100 hours maximum in laboratory air (Figure 3.3). Both analysers 
were calibrated before use using extremely accurate masses to balance
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Figure 3.3 Stanton Instruments Thermo-Gravimetric Analyser.
the scales and zero the chart plotters. The analysers were subsequently 
pre-heated to the operating temperature and were allowed to stabilise for a 
number of hours before samples were introduced. Multiple samples of each 
alloy at each temperature were investigated to ensure reproducibility.
The samples were left in the apparatus for 100 hours and then removed 
from the platinum crucible. After cooling these samples were mounted in 
Struers Epofix cold-setting resin.
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The larger samples for XRD analyses were placed in standard furnaces 
which had been pre-heated to temperature and were left to oxidise for the 
required time.
3.4.2 Cyclic Oxidation
Cyclic oxidation experiments were carried out on rectangular coupons, 
20x10x3mm in size, manufactured from Ti-50AI (alloy 1) and either sputter- 
coated with the TiAICr coating (as described in 3.3) or left uncoated. These 
samples were oxidized in the same furnaces as used for the oxidation 
specimens to be studied by XRD. Cyclic oxidation was performed at 1173K 
to match the temperature at which the samples for XRD studies were 
oxidised. The samples were placed in the furnaces and periodically 
removed after 5 hours heating and allowed to cool to room temperature 
where they were accurately weighed and then replaced in the furnaces, this 
was repeated for 100 hours of total heating time. The results were plotted 
as a pseudo-continuous curve by extrapolating between points to form a 
line. The output from the TGAs was a continuous measure of sample 
weight change over time. A table was drawn up of time in hourly increments 
against weight gain (or loss), as read off the chart recorder.
3.5 Microstructural 
Characterisation
3.5.1 Sample Preparation
After cooling, the oxidation samples were mounted In Struers Epofix cold-
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setting resin. This resin is significantly softer than the oxide scales being 
investigated but harder, hot-setting resins could not be used to avoid 
potential changes to the oxide structures. To reduce the potential for 
damage, a fine alumina powder was added to the resin during mixing, 
rendering the resin significantly harder.
Samples were allowed to harden overnight and subsequently polished 
using standard metallographic techniques, however very careful selection 
and application of the polishing process still was necessary to avoid 
damage to the brittle oxides. Despite this, the scales spalled away relatively 
easily, both during polishing and under the electron microscopes.Several 
attempts were made to produce samples of the oxides for study by 
transmission electron microscopy, but due to the high level of porosity and 
the brittle nature of the (in some cases large) oxide layers, this proved 
impossible. Powder samples were mounted on a lOOpim copper mesh, but 
no electron transparent areas were observed. This approcich 
destroyed the physical layout of the material, which was undesirable.
No successful methods for producing TEM samples were developed and 
attempts to copy the methods reported in the literature were unsuccessful.
3.5.2 Scanning Electron Microscopy
The specimens were initially checked under an optical microscope and 
then placed either in a JEOL 8600X Microprobe analyser or Hitachi 3200 
variable-vacuum SEM, both operated at 15keV for analysis. The Hitachi 
was operated in variable vacuum mode with between 10 and 20Pa of air in 
the sample chamber to avoid electronic charging of the sample. This 
negated the need to carbon- or gold-coat the specimens. Secondary
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electron (SE) images were only collected in the JEOL, as SE images 
cannot be obtained in the Hitachi when used in variable vacuum mode, 
where only a backscattered electron detector (BSD) was used.
Both microscopes were used to collect backscattered electrons and also to 
carry out X-ray analysis. Energy dispersive X-ray analysis (EDX) was 
carried out on the Hitachi SEM using a LINK'®' 300 analytical system and 
wavelength dispersive analysis (WDX) was carried out using the crystal 
monochromators on the JEOL microprobe. The W DX was used to 
overcome the problems associated with EDX such as the difficulty of 
resolving the overlapping X-ray energies of certain elements (in particular 
titanium, chromium, oxygen and nitrogen). The EDX systems available 
could not detect the presence of lighter elements such as nitrogen so W DX  
was used to detect that element.
Actual alloy compositions were determined by EDX analysis on the Hitachi 
3200 SEM.
3.5.3 X-Ray Diffractometry
X-ray diffractometry was carried out using a Philips diffractometer. Copper 
Kg radiation was used, with a nickel filter to monochromate the emitted X- 
rays.
When investigating solid samples, where the oxide had shown good 
cohesion, the source was directed onto a flat face of the sample. Crumbled 
and spalled oxides were placed in a flat plastic holder prior to investigation.
A major difficulty encountered was ensuring that the sample surface was
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positioned precisely at the focal plane of the instrument. Any displacement 
of the specimen from the diffractometer axis will cause shifts in the peak 
positions and can be a large error in measurement. This is especially 
significant in the analysis of powdered specimens and friable oxides, where 
it is difficult to ensure that the specimen is at the correct height. This factor 
can also prove significant when the oxide layer is still attached to the 
substrate as the underlying matrix will be below the focal plane of the 
instrument.
XRD diffractograms were indexed using Joint Committee of Powder 
Diffraction Standard (JCPDS) reference cards together with data from work 
published previously by Zheng et al. [1995b], Copland et ai. [1999] and 
Shemet etal. [1997a]
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Chapter 4
Results
4.1 Introduction
In this chapter, the experimental data is presented for the alloys studied in 
this thesis. The results of the isothermal oxidation studies are presented 
first, followed by the microstructural characterisation of the oxide layers for 
each alloy. The results of the cyclic oxidation studies are presented 
separately, followed by the X-ray diffraction data.
4.2 Alloy Characterisation
The actual compositions of the alloys studied in this thesis were determined 
by Electron Probe Micro-Analysis (EPMA), and are given in Table 4.1. 
Table 4.2 summarises the actual phases present in the alloy ingots [Shao, 
1995, Shao etal., 1996 and Shao and Tsakiropoulos, 1998].
The compositions studied in this thesis varied significantly from their
57
Results
Table 4.1 Actual Alloy Compositions as determined by EPMA
Alloy
Composition (atomic percent)
Ti AI Or V
1 49.6 50.4 - -
2 45.2 54.8 - -
3 50.8 40 9.2 -
4 39.8 50.1 10.1 -
5 27.5 52.7 19.8 -
6 49 48.8 - 2.2
7 50 45.5 - 4.5
nominal compositions. The phases present in the alloys were as expected 
from earlier studies done in the Surrey group.
Table 4.2 Summary of the phases present in the microstructure of the ingot.
(Subscript ‘m’; for matrix, ‘L’ for lamellar and ‘S’ for segregates)
Alloy Phases present in Ingot
1 (a 2 + Y)L + Ys
2 Ym + (« 2  +  V)L
3 Y + P(B2)
4 Y + Laves
5 x + Laves + (pCr)
6 ( a 2 + Y)L + Ys
7 (« 2  + Y )l
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4.3 Isothermal Oxidation - 
Thermogravimetric Analysis
4.3.1 Introduction
All samples were prepared as discussed in chapter 3. Oxidation 
experiments were repeated to ensure reproducibility of results. All 
thermogravimetric analysers were calibrated before use. All results have 
been normalized to obtain weight gain (loss) per unit surface area and are 
presented at the same scale to aid comparison.
The oxidation behaviour, especially at the microstructural level varied 
significantly across the alloys investigated. The following sections describe 
the results of the isothermal oxidation studies by alloy group and in the 
order given in Table 4.1. Many of the samples exhibited initially parabolic 
oxidation which became increasingly linear with time. This type of 
behaviour, known as paralinear [Castle, 1976], Is consistent with the growth 
of a two-layer oxide, with an inner and an outer oxide layer growing at two 
different rates. In this case, a compact inner oxide, growing at a parabolic 
rate is combined with an outer, porous, oxide layer which is fast-growing 
and linear in nature [Castle, 1976]. This paralinear, two-layered, behaviour 
has been observed in TiAl by other investigations previously [Becker et a/., 
1992] but is not common for oxidation times up to 100 hours. An example of 
a two-layer, oxide structure can be seen in Figure 4.33
Normalised weight gains that remained below, or averaged, 0.01 Kgm'^ for 
significant periods were affected by instrumental limitations that dominated
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the output, allowing only an estimate of the oxidation growth rate to be 
calculated.
4.3.2 The Titanium Aluminide Binary Alloys
The two-phase binary alloy, alloy 1, showed little weight gain at 
temperatures up to 1073K where a parabolic behaviour was exhibited 
(Figure 4.1). Significant weight gain occurred at 1173K. The oxidation
0.35
0.25
0.2
c
(0CD 0.15
500000 100000 150000 200000 250000 300000 350000 400000
0173K
»1073K
973K
Time (sec)
Figure 4.1 Isothermal oxidation data for alloy 1.
behaviour at 1173K was parabolic in nature initially, but became 
increasingly linear after about 50 hours (Figure 4.1), in a paralinear fashion.
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At 973K, the weight gain was somewhat less than that at 1073K but was 
affected by limitations in the accuracy of the instruments used that added 
random oscillations to the trace.
The oxidation curves for the near single-phase y alloy, alloy 2, are shown in 
Figure 4.2. This alloy exhibited similar behaviour to alloy 1 at 973K and 
1073K although weight gain was generally lower. At 973K, the weight gain 
was observed to fluctuate (and be negative on occasion). This was due to 
the limitations of the experimental apparatus rather that any volatile 
oxidation products or off-gassing. There was a greater weight gain at 
1173K and therefore a higher oxidation rate when compared to alloy 1 
indicating the enhanced oxidation rate of the y phase. The rate of oxidation 
appeared to be linear over the initial 50 hours after which there was a slight 
decrease in rate, corresponding to a parabolic oxide nature.
4.3.3 The Chromium-Containing Alloys
Figure 4.3 shows the isothermal oxidation behaviour of alloy 3. This alloy 
exhibited paralinear oxidation at 1173K and showed essentially parabolic 
oxidation at the lower two temperatures, with the samples oxidised at 973K 
exhibiting only slow growth after initial oxide formation. The rate of 
oxidation was greater at every temperature than that for either of the binary 
systems investigated, both of which contained the y and «2  phases, while 
alloy 3 contained only the y + |3(B2) phases (see Table 4.2). The data 
would thus suggest that the p(B2) phase has a detrimental effect on 
oxidation resistance relative to the y and ag phases. However, it should be 
noted that alloy 3 still shows relatively good oxidation characteristics at 
temperatures up to approximately 1000K.
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Figure 4.2 Isothermal oxidation data for alloy 2.
Alloys 4 (Figure 4.4) and 5 (Figure 4.5) showed very little oxidation at any 
of the three temperatures investigated. Any weight gain was too small to be 
measured by the apparatus accurately, even after 100  hours isothermal 
oxidation, with any variation in the weigh gain measured due mostly to 
instrumental limitations (verified by testing with an empty crucible). 
Apparent periodic losses in weight are also a result of these limitations as 
none of the oxidation products are volatile at the temperatures under 
investigation although some outgassing probably accounts for the slight 
weight loss observed. The significant microstructural difference between 
these alloys and alloys 1, 2 and 3 is the inclusion of the Laves phase, which
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Figure 4.3 isothermal oxidation data for Alloy 3.
is known to be oxidation resistant [Brady et a/., 1995], see also chapter 2.
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Figure 4.4 (a) Isothermal oxidation data for alloy 4, plotted on the 
same scale as Figure 4.1 (b) High resolution y-axis plot. Weight 
change measurement at all temperatures was affected by 
instrumental limitations however, the alloy did appear to show a
weight loss at 973K.
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Figure 4.5 (a) Isothermal oxidation data for alloy 5, plotted on the 
same scale as Figure 4.1 (b) High resolution y-axis plot. Weight 
change measurement at all temperatures was affected by 
instrumental limitations however, weight loss was observed at all
temperatures.
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4.3.4 The Vanadium-Containing Aiioys
Figure 4.6 shows the isothermal oxidation behaviour of Alloy 6 . This alloy 
exhibited oxidation characteristics that were broadly similar to the binary 
alloys, especially alloy 1. Weight gain at 1173K is significantly greater than 
at the lower temperatures. At 973K and 1073K, alloy 6 had a larger weight 
gain than either of alloy 1 or alloy 2. However at 1193K the weight gain was 
greater than for alloy 1 but smaller than that for alloy 2. This alloy also 
showed a slightly greater weight gain at the lower temperature of 973K 
than 1073K although neither was extreme.
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Figure 4.6 Isothermal oxidation data for alloy 6 .
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Alloy 7 exhibited a more interesting oxidation behaviour under isothermal 
oxidation conditions in air (Figure 4.7). For the samples oxidized at 973K 
and 1073K, the oxidation process seemed to occur in steps, each step 
being of a parabolic nature.
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Figure 4.7 Isothermal oxidation data for alloy 7. Note the step-like 
oxidation at 1073K and 973K and the linear breakaway oxidation at
The weight gain at 1173K, was significantly greater than for any of the other 
alloys, with oxidation occurring in a linear manner indicating severe, 
uncontrolled breakaway oxidation. This is in agreement with the literature 
where the disadvantageous effect of vanadium on the oxidation resistance 
of Ti-intermetallics has been reported [Kekare at al. 1993].
^7
Results
4.4 Microstructural Analysis of the 
Oxide Layer
4.4.1 Introduction
Due to the extremely brittle nature of the oxide scale, especially the thicker 
and more substantial scales formed on certain alloys, extra care was taken 
to reduce damage caused during specimen preparation as described in 
chapter 3.
A thin gap was often observed between the oxide and the substrate, in part 
due to sample preparation, but also due to lifting of the less-dense oxide 
from the substrate-oxide interface during oxidation. Lower accelerating 
voltages were used in the SEM, in an attempt to minimise damage, 
especially during analysis where the electron beam was focused on the 
surface for significant time periods.
The X-ray diffraction data was complicated and difficult to obtain for certain 
of the samples as the extremely friable nature of the oxides resulted in 
much oxide loss during sample preparation. For the thicker, more 
substantial oxides, data was more easily obtained. Likewise, the alloy 
samples that exhibited very low oxidation rates produced very little oxide to 
study and frequently, the diffraction signals for the oxide were swamped by 
signals from the substrate. XRD diffractograms were indexed using Joint 
Committee of Powder Diffraction Standard (JCPDS) reference cards 
together with data from work published previously by Zheng et al. [1995b], 
Copland et al. [1999] and Shemet et al. [1997a] for the Z-phase.
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The XRD data clearly Indicated the presence of the oxides Ti0 2  and AI2O3 
as reported by other groups [Becker et al., 1992, Zheng et al., 1995a]. The 
main objective behind the X-ray studies was to investigate the presence of 
the cubic z-phase within the oxide layers.
The following sections describe separately the oxidation behaviour for the 
three alloy groups (binary, chromium-containing and vanadium-containing). 
The results will be presented by alloy within each subsection.
4.4.2 Alloy 1 Isothermal Oxidation
4.4.2.1 Introduction
The Ti-50at.%AI alloy, was expected to show relatively good oxidation 
resistance at low temperatures as had been reported by various authors 
previously [Becker et al., 1992, Rahmei et al., 1995, Quadakkers et al., 
1997]. Results were in broad agreement with those of other investigations, 
with little oxidation evident at low temperatures and with the same oxidation 
products observed. Initial visual inspection revealed a pale brown oxide 
scale where the scale was still adhered to the substrate. Where the scale 
had recently spalled, the surface was grey. There were also regions of a 
white scale, probably where the oxide had been forming for an intermediate 
time.
4.4.2.2 Alloy 1 at 973K
A thin oxide layer, less that 4[xm thick, was formed over the substrate at 
973K (Figure 4.8). The oxide itself showed little structure, consisting of a 
fairly continuous outer AI2O3. The scale was generally well attached to the 
substrate but was extremely brittle and spalled off easily during polishing.
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The substrate showed an Al-depleted layer just below the surface and a 
somewhat Tl-depleted layer immediately below that. There was no sign of 
porosity within the oxide layer.
4A2.3 Alloy 1 at 1073K
At 1073K, a more substantial oxide was formed, averaging about 10-20p,m 
in thickness (Figure 4.9). This oxide was not uniform in nature and showed 
considerable variations in thickness along the substrate/oxide interface due 
mainly to spalling of the friable oxide during isothermal oxidation, but also 
partly due to cracking during sample preparation. The oxide layer was seen 
to be cracked parallel to the substrate over the major length of the sample. 
It was impossible to distinguish between whether holes within the oxide 
were as a result of porosity, or due to spalling of the oxide.
There was some (very weak) evidence for the existence of a very fine 
nitrogen enriched layer at the oxide/air interface, probably comprising TIN, 
as shown In Figure 4.9 (D).
4A2.4Alloy 1 at 1173K
A continuous titania layer was evident over the oxide formed after 100 
hours at 1173K, this covered a porous layer of AI2 0 3  which was followed by 
a complex, striated region of the oxide scale (Figure 4.11). This oxide was 
observed to be cracked parallel to the substrate over the whole length of 
the sample, leaving an intermixed alumina/titanla scale immediately over 
the substrate. A titanium enriched oxide layer was also evident at the oxide/ 
substrate interface. Nitrogen was again evident in the Ti-rich areas of the 
oxide scale and in the substrate itself. There was a line of large pores
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Figure 4.8 Alloy 1 after 100h in air at 973K. (A) SE Image showing 
the substrate, oxide and mounting resin. (B) Al map. (C) Ti map. (D) 
O map. (E) Backscattered image, ‘x’ marks the Al-depleted layer 
and ‘y’ indicates the gap between the sample and the mounting
resin
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Figure 4.9 Alloy 1 after 100h in air at 1073K. (A) SE Image of the 
scale and substrate, (B) Al map, (C) O map, (D) N map - ‘x’ 
indicates the outer TiN layer, (E) Ti map.
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equating to an alumina-rich layer immediately below the outer titania layer. 
This Al-rich layer was also nitrogen-free. The bulk of the oxide contained 
only small pores which appeared to contain a mix of Ti and Al oxides.
R/A
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R = Rutile (TiOg)
A =  a-alumina  
Z = “Z”-phase (cubic)
Figure 4.10 X-ray diffractogram of alloy 1 after 100 h oxidation at
1173K in air.
After 100 hours isothermal oxidation in air, the samples oxidized at 1173K 
were subjected to X-ray analysis (Figure 4.10). This revealed an oxide 
scale dominated by Rutile (Ti0 2 ) and a-Alumina. There was no sign of any 
amorphous phases. Evidence for the Z-phase was also found. The latter 
was indexed using data from Zheng et al. [1995a], Shemet et al. [1997a] 
and Copland et al. [1999].
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Figure 4.11 Alloy 1 after lOOh in air at 1173K. (A) SE Image, (B)AI 
map, (C) Ti map - x indicates the Ti-enriched zone, (D) N map, (E) O
map.
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4.4.3 Alloy 2 Isothermal Oxidation
4.4.3.1 Introduction
The microstructure of this alloy contained a smaller volume fraction of the 
«2  phase compared to alloy 1 with a majority y -phase.
The oxidised samples were covered by a pale brown and white, mottled 
scale. The oxide formed at 1193K was brittle and spalled easily from the 
substrate with oxide residue evident in the base of the crucible.
4.4.3.2 Alloy 2 at 973K
Very little weight gain was observed during the oxidation of alloy 2 at 973K, 
as with alloy 1 , and this is reflected in the extremely thin oxidation products 
(Figure 4.12). After 100 hours in air, very little oxide was observed under 
the microscope, with an oxide layer of around 2 \im  visible over the majority 
of the surface. There was no sign of any elemental depletion in the sub­
surface layers and no nitrogen concentration near the surface although 
nitrogen was observed throughout the substrate.
4A3.3 Alloy 2 at 1073K
At 1073K, the oxide layer formed was between two and three times thicker 
than that formed at 973K (Figure 4.13). The oxide layer contained both 
aluminium and titanium with the Al-rich areas of oxide above a Ti-rich layer. 
There was, however very little structure to the oxide scale after 100 hours 
in air.
75
Results
6 0 1 9  1 5 . 0 K V
0 0 2 4  1 5 . 0 K V X 8 0 0  10Mm
Figure 4.12 Alloy 2 after lOOh in air at 973K: (A) SE image, (B) Al 
map, (C) Ti map, (D) N map, (E) O map.
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Figure 4.13 Alloy 2 after lOOh in air at 1073K (A) SE image showing 
damage to the mounting resin, caused by the electron beam, (B) Al 
map, (C) Ti map, (D) N map, (E) O map.
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4.4.3.4Alloy2at 1173K
A significantly thicker oxide scale, on the order of 50^m  in general, was 
formed at 1173K (Figure 4.15). This oxide was very similar to that observed 
by other researchers [Becker etal., 1992, Rahmei etal., 1995, Quadakkers 
et al., 1997], consisting of an outer TiÛ2 layer, followed by a thin AI2O3 sub­
layer and then a complex mixture of layers. The oxide was cracked parallel 
to the substrate both at the boundary of the substrate and also within the 
oxide scale. The oxide was seen to be differentiated either side of this 
middle crack, with a coarser structure containing many pores between the 
crack and the substrate and a slightly more open scale above, containing 
fewer but larger pores. This oxide was very similar to the oxide formed over 
the alloy 1 sample that was also oxidized at 1173K but was significantly 
thicker. There was a continuous layer of large alumina-rich voids just below 
the outer Ti0 2  layer. Nitrogen is again evident in the Ti-rich areas of the 
oxide scale and can also be observed in the substrate itself but was not 
observed in the large Al-rich pores.
X-ray diffraction analysis (Figure 4.14) revealed the expected titanium and 
aluminium oxides and also a phase identified as the Z-phase. There was 
some evidence that amorphous phases were present, these probably 
correspond to the alumina-rich region below the outer Ti enriched region. 
Peaks were also observed corresponding to the substrate.
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R = Rutile (TI0 2 ) 
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Z = Z-phase (cubic) 
Y = Y -TiAI
Figure 4.14 X-ray diffraction (Cu-Ka-radiation) analysis of alloy 2 
after 100 h oxidation at 1173K in air.
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Figure 4.15 Alloy 2 after lOOh in air at 1173K: (A) SE image, large 
pores indicated by x' and small pores by ‘y’- (B) Al map, (C) Ti map, 
(D) O map, (E) N map. Note N concentrated in the Ti-rich areas.
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4.4.4 Alloy 3 Isothermal Oxidation
4.4.4.1 introduction
Alloys 3, 4 and 5 contained chromium as the tertiary alloying element - 
about 10 at.-% Cr in the case of alloys 3 and 4 or 20 at.-% Cr for alloy 5. 
Alloys 3 and 4 differed in the relative amounts of titanium and aluminium 
making up the rest of the alloy.
Alloy 3 (Figures 4.16 and 4.17), with 9.2 at.-% chromium and 40 at.-%  
aluminium had a structure consisting primarily of the y -phase within a j3- 
phase matrix. Isothermal oxidation of alloy 3 indicated similar weight gains 
to alloy 2 (see figures 4.2 and 4.3), with the higher temperature samples 
showing a larger weight gain than the corresponding alloy 2  samples.
Visually, the original grey colour of the samples was retained after oxidation 
at all three temperatures with some slight discolouration in patches over the 
surface.
4.4.4.2 Alloy 3 at 973K
At 973K, there was very little oxidation observed. The oxide formed was 
extremely thin and unstructured, consisting mostly of alumina.
4.4.4.3 Alloy 3 a t 1073K
At 1073K, a fairly thick oxide around 80pm in thickness was formed (Figure 
4.16). However in this case the oxide was well attached to the substrate 
and showed little cracking and no major spalling. The oxide was layered in 
structure, the layers being similar to those observed in other alloys. The
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outer oxide consisted of titania and titanium nitrides and was followed by a 
thin, porous alumina layer, neither of these outer layers contained 
significant amounts of chromium. This was followed by a thick layer, 
making up most of the oxide, which contained mixed Ti and Al oxides. This 
layer also contained significant chromium additions. The substrate was 
slightly Ti-enriched at the oxide-substrate boundary. The oxide was quite 
porous with two main regions of porosity. One, consisting of small pores 
was located around the oxide/substrate boundary. The other corresponded 
to an alumina rich band, similar to that which had been observed for alloys 
1 and 2 at 1193K, below the outer titania layer and consisted of much larger 
voids, often in excess of 5pm in diameter.
4.4.4.4Alloy3at 1173K
The oxide layer on alloy 3 at 1173K was over 170pm thick and was 
remarkably uniform in nature (Figure 4.17). The structure was essentially 
the same as that formed at 1073K, with an alumina layer approximately 
40pm from the initial substrate. The oxide had, however cracked in parallel 
away from the substrate over the whole length of the sample, as observed 
in other alloys. There was an extremely thick Ti-enriched layer over the 
alumina layer which was followed by a brittle and porous outer layer 
containing both Ti- and Al-oxides. There was an area enriched in both Al 
and Cr (indicated by V  in Figure 4.17). This area also contained very little 
Ti and corresponded to an area depleted in N. Small nodular pores with the 
same apparent composition were scattered throughout the rest of the oxide 
scale.
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Figure 4.16 Alloy 3 after lOOh in air at 1073K (A) SE Image, ‘a ’ 
indicates a line of small pores within the oxide and ‘b’ a series of 
larger pores at the alumina/titania boundary. (B) Al map, (C) Ti map, 
(D) O map, the porous alumina layer is given by ‘d’. (E) N map, note 
N enrichment towards the outside of the oxide, ‘x’. (F) Cr map, Cr is 
not evident in the outer Ti-rich layer.
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Figure 4.17 Alloy 3 after 10Oh in air at 1173K (A) SE image, (B) Al 
map, (C) Ti map, (D) O map, (E) N map, (F) Cr map. X indicates the 
Cr enrichment at the alumina/titania boundary and corresponds to a 
similarly enriched Al region.
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Nitrogen was evident in the Ti-rich portions of the oxide and was almost 
undetected in the Al-rich portions, suggesting the presence of Ti-nitrides as 
has been reported previously. The XRD diffractogram from the sample 
oxidized at 1173K (Figure 4.18) revealed the presence of Ti0 2  and AI2O 3 
and further evidence for the Z-phase. There was strong evidence of 
amorphous phases present in the sample.
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Figure 4.18 X-ray diffraction analysis of alloy 3after 100 h oxidation
at 1173K in air.
4.4.5 Alloy 4 Isothermal Oxidation
4.4.5.1 Introduction
The microstructure of this alloy contained two phases, a darker y phase
85
_______________________________________________________________ Results
and a lighter Ti(Cr, Al)2 Laves phase (Table 4.2). Visual inspection of the 
samples revealed the original grey colour had been retained after oxidation 
at all three temperatures with some slight discolouration in patches over the 
surface, as had been observed for alloy 3.
4.4,5,2 Alloy 4 at 973K
it was expected that the presence of the Laves phase in this alloy, would 
increase oxidation resistance, as discussed in chapter 2. After isothermal 
oxidation for 100  hours in air, there was an extremely thin oxide on the 
surface (Figure 4.19), as suggested by the thermogravimetry data in Figure 
4.4. No oxide structure could be observed, just a thin oxygen rich boundary.
The bulk alloy microstructure can be seen in figure 4.19A and consisted of 
two phases, the light, Cr-rich Laves phase and the darker gamma phase. 
Some oxygen can be observed in the Laves phase which was observed to 
be cracked internally to a significant depth within the bulk of the material.
4A5.3 A lloy4at 1073K
SEM images and EPMA maps for alloy 4 after 100 hours isothermal 
oxidation in air at 1073K are shown in Figure 4.20. A thin, continuous 
alumina scale was observed over the substrate. This was around 2-3 p,m 
thick and appeared well attached to the substrate. No nitrogen or chromium 
was observed in the oxide.
4.4.5.4Alloy4at 1173K
At 1173, alloy 4 showed little oxidation after 100 hours (Figure 4.21). The
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Figure 4.19 Alloy 4 after lOOh in air at 973K. The Laves phase is the 
paler phase, indicated in the backscattered image (A) with the y 
phase making up the bulk of the material. (B) O map, (C) Ti map, (D)
Cr map, (E) Al map.
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Figure 4.20 Alloy 4 after 100 hr. in air at 1073K(A) SE image, (B) Al 
map, (C) Ti map, (D) O map, (E) N map - the vertical lines are 
imaging artifacts. (F) Cr map.
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oxide appeared visibly less well attached relative to the oxide formed at 
1073K but this could be due to damage caused during specimen 
preparation as the oxide was extremely brittle.
Due to the thin nature of the oxide and strong peaks from the substrate, the 
XRD (Figure 4.22) analysis revealed very little of the oxide composition. 
Some weak evidence for the 'Z'-phase was found and there was further 
evidence of some amorphous phases in the sample.
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Figure 4.22 X-ray diffraction analysis of alloy 4 after 100 h oxidation
at 1173K in air.
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Figure 4.21 Alloy 4 after lOOh in air at 1173K (A) SE image (‘x’ 
indicates the positing of an alumina particle embedded in the matrix 
as described in Ch. 3), (B) Al map, (C) Ti map, (D) O map, (E) N
map, (F) Cr map.
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4.4.6 Alloy 5 Isothermal Oxidation
4.4.6.1 Introduction
Visually, there was little discolouration of alloy 5 samples after oxidation in 
air at 973K and 1073K. At 1173K, a flakey, brown and white scale was 
formed which spalled easily from the substrate.
SE images and maps of alloy 5 after 100 hours isothermal oxidation in air 
are shown in Figure 4.24 (973K), Figure 4.26 (1073K) and Figure 4.27 
(1173K). The bulk alloy can be seen to consist of two main phases, a 
darker phase and a lighter phase that consists of two separate phases 
(Figure 4.23). EPMA quantification by Shao and Tsakiropoulos [1999] 
showed the dark phase to correspond to the LI 2 t  phase. The two phases 
in the lighter areas of the alloy were found to comprise a darker phase very 
close to the composition of the Laves phase. The lightest areas were close 
to pCr in composition.
4.4.6.2 Alloy 5 at 973K
Elemental maps for alloy 5 at 973K are shown in Figure 4.24. Very little 
oxidation was observed and a thin 1-2 pm alumina layer was formed. The 
oxide layer seemed fairly well attached and was continuous over the whole 
sample. Where damage had occurred, the oxide had subsequently re­
formed and repaired the breach. No titanium or chromium was observed in 
the oxide layer and no significant elemental migrations could be observed 
despite the significant time spent at this elevated temperature.
A linescan data for the oxide structure is shown in Figure 4.25. The data 
would suggest that the oxide consisted of aluminium and oxygen only. The
91
Results
resin
Laves
Figure 4.23 Backscattered image indicating the phases present in 
alloy 5. The dashed line indicates the linescan shown in Figure 4.25.
linescan also indicates the two main phases present within the alloy.
4.4.6.3 Alloy 5at 1073K
A thin continuous oxide was formed at 1073K (Figure 4.26). This was of a 
similar thickness to the oxide formed at 973K. Some sub-surface damage 
had occurred during sample preparation, indicating the brittle nature of the 
bulk sample.
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Figure 4.24 Alloy 5 after 100 hr. in air at 973K. (A) SE image (as 
Figure 4.23), (B) O map, (C) Ti map, (D) AI map, (E) Cr map.
93
Results
\ / '  ^
xphase Laves phase
L _
0
Ji Oxide
AI
Ti
1 » ; ' r  » ""r"'" i
V
Cf
■ V - A r V ^ / I
Figure 4.25 Linescan across alloy 5 after oxidation at 973K for 100 
hours. The line indicates the start of the oxide layer.
4A 6.4 Alloy 5 at 1173K
No significant oxidation of this alloy was observed, even at this elevated 
temperature of 1173K (Figure 4.27). The oxide exhibited the same 
characteristic features as that formed by this alloy at 973K and 1073K.
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Figure 4.26 Alloy 5 after 100h in air at 1073K. (A) SE image, (B) AI 
map, (C) Ti map, (D) O map, (E) N map, (F) Cr map.
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Figure 4.27 Alloy 5 after 100h in air at 1173K. (A) SE image. The 
dark area is the x-phase and the light area consists of two phases, 
a darker phase (Laves) and a lighter pCr solid solution [Shao and 
Tsakiropoulos, 1999], (B)AI map, (C )Ti map, ( D ) 0  map, (E) N map,
(F) Cr map.
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The XRD data was inconclusive (Figure 4.28) with the oxide data swamped 
by data from the substrate. The diffractogram was similar to that for alloy 4 
with a number of peaks from the Laves phase present. There were also 
some peaks that appeared to be from the y -phase although this was not 
expected. There was again some evidence that the ‘Z ’-phase had formed 
during the isothermal oxidation process.
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Figure 4.28 X-ray diffraction (Cu-Ka-radiation) analysis of alloy 5 
after 100  h oxidation at 1173K in air. Note similarity with coated alloy
1 trace (Figure 4.43)
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4.4.7 Alloy 6 Isothermal Oxidation
4.4.7.1 Introduction
Alloy 6 contained 2.2 at.% V  with about 49 at.% AI and Ti. The 
microstructure consisted of a very fine (og + y)|_ + Ys structure, as reported 
by Shao [1995], see also Table 4.2. It was observed that such a small 
atomic percentage addition of vanadium had only a minor (Effect on the 
oxidation kinetics when compared with the Ti-50at.%AI, especially at low 
temperatures where very little oxidation was observed with either alloy. The 
oxide grown at higher temperatures was however, very brittle and friable 
and adhered only poorly to the substrate, despite being extremely thin. 
Visually, the pale grey substrate was covered by a pale grey and brown 
scale where recent spelling had occurred. Where a thicker oxide scale had 
formed, the surface was darker brown. These thicker scales were 
extremely brittle and spelled off in large sections.
4.4J.2 Alloy 6 at 973K
No oxide structure could be observed under the electron microscope for 
alloy 6 at 973K. There were some areas that appeared to contain oxides, 
however these could not be resolved sufficiently to obtain any information 
or images.
4A7.3 Alloy 6 at 1073K
The only difference between the alloys oxidised at 973K and 1073K was a 
slight increase in the oxide thickness. Micrographs for alloy 6  at 1073K are 
shown in Figure 4.29. The thin oxide can be seen to have cracked in a 
layered fashion, indicating the possibility that relatively continuous scales
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had formed which have subsequently cracked forming an onion-skin 
structure. Vanadium was present in the oxide to some extent. There was no 
good evidence of any nitrogen enrichment within the oxide scale.
4A 7.4 Alloy 6 at 1173K
At 1173K, a much thicker and more complex oxide was formed which bears 
a similarity to that seen on the binary alloys, and in particular on alloy 1 
{ (0 2  + Y ) l  Ys )> which has a similar structure.
The EPMA maps in Figure 4.30 show the Al-depleted layer in the alloy, 
near the alloy/oxide interface, as well as the layered structure of the oxide 
as a whole. The oxide spalled away from the substrate along a layer of Al- 
rich oxide, which was followed by a section of oxide consisting of thin, 
alternating layer of Al- and Ti-rich oxide with large parallel voids and smaller 
pores. This was then followed by a coarser layer, containing large pores 
and finally an Ti-rich outer layer which consisted mostly of titania. The 
junction between the two types of oxide corresponds to the point at which 
outward and inwards growing oxides form and indicates the position of the 
original surface according to Becker et a i  [1992]. The Al-rich layer 
immediately below the outer Ti-rich layer is less continuous than that found 
in the binary alloys, consisting of Al-rich nodules. Vanadium was observed 
in the oxide scale, particularly in the Ti-rich areas, indicating the migration 
and incorporation of vanadium in the oxide layers. Nitrogen was also 
observed to be slightly enriched around the original substrate surface 
mentioned above.
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Figure 4.29 Alloy 6  after 100 hours in air at 1073K(A) SE Image, (B) 
Al map, (C) Ti map, (D) O map, (E) N map, (F) V  map. Note the 
crack parallel to the substrate/oxide boundary (can be seen in (A)
and (D))
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The oxide scale was also observed to be heavily cracked and distorted at 
the corners, indicating heavy stresses caused during oxide formation. The 
nature of the scale at the corner Indicates both outward and Inward growth 
of the scale occurred, as seen by Becker et al. [1992] In similar 
experiments.
XRD data (Figure 4.31) confirmed the species present In the oxide as rutile 
(TIO2) and alumina. There was also evidence for the ‘Z ’-phase and some 
amorphous phases. There was no evidence for the o^-phase although 
some lines for the y -phase were observed.
R = Rutile (TIO2)
A = a-alumina 
Y = TiAl
Z = “Z”-phase (cubic)
30 40 SO 60 70
Degrees 2-TTieta
Figure 4.31 X-ray diffraction analysis of alloy 6 after 100 h oxidation
at 1173K In air.
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Figure 4.30 Alloy 6  after 10Oh In air at 1173K (A) SE Image, (B) Al 
map, (C) TI map, (D) O map, (E)N map, (F) V map.
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4.4.8 Alloy 7 Isothermal Oxidation
4.4.8.1 Introduction
Initial visual examination of the samples after oxidation revealed a 
brownish, apparently fairly well attached scale. The scales were very 
uniform, especially those scales produced at higher temperatures, 
extending to about 200 pm In thickness. However, the scales were not well 
adhered to the substrate and could be separated very easily. As expected, 
the higher vanadium content resulted In the poorest oxidation performance 
of any of the alloys Investigated.
4.4.8.2 Alloy 7 at 973K
Figure 4.32 shows the microstructure of the TI-45A1-5V alloy after oxidation 
at 973K. Even at 973K, significant oxidation was observed, and a complex 
oxide structure was formed In excess of 10 pm In thickness. An Al depleted 
layer was formed beneath the substrate-oxlde Interface and the scale had 
separated from the substrate along an oxygen enriched layer immediately 
above this Al depleted layer. This was followed by alternating layers 
enriched or depleted In aluminium, with a titan la layer forming the 
outermost layer of the oxide although this outer Ti enriched region was not 
as continuous as the equivalent regions observed In previous alloys. 
Immediately below this layer was an Al-rich, porous layer as had been 
observed In other scales. There appeared to be alternating columns of Al­
and Tl-rlch regions perpendicular to the substrate as had been reported 
previously by Kekare etaL  [1993].
103
Results
17 15 0 K V  X 3 , 0 0 0
18 1 5 . 0 K U  X 3 . . 0 0 0  10Mm
Figure 4.32 Alloy 7 after 100 hours In air at 973K. (A) SE Image, (B) 
Backscattered Electron Image, (C) TI Map, (D) O Map, (E) V Map,
(F) Al Map.
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4A8.3 A lloy7at1073K
The oxide layer formed during Isothermal oxidation In air at 1073K 
extended to over 40 pm In this case (Figure 4.33). A complex, striated 
oxide was observed with a large number of well-defined layers of 
alternating TI- and Al-rlch regions.These layers were separated by what 
appeared to be parallel voids, or lines of large pores. A boundary was 
observed between a coarser grained Inner oxide and a more finely grained 
outer oxide although the oxide closest to the substrate was more layered. 
The scale had separated from the substrate along the length of the 
substrate.
4.4.8.4Alloy 7 a t 1173K
At 1173K, a very thick oxide was formed that was over 200 pm thick In 
places (Figures 4.34 and 4.35) The oxide scale which formed was 
structurally similar to the oxide formed at 1073K with the major difference 
being the thickness of the oxide. The same multi-layered structure can be 
observed, divided into two distinct regions, a coarse grained Inner oxide 
and a more finely grained outer oxide, as observed by Becker et a i  [1992].
The outer layer of the oxide scale did not appear to consist of a Tl-rich layer 
with a porous Al-rich layer below that, as had been observed for oth^r 
alloys. In this case the outer oxide seemed to contain alumina to a large 
degree. A large crack was observed to run the whole length of the oxide, 
around 40 pm from the substrate, from where the brittle oxide scale easily 
spalled away as a continuous piece.
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Figure 4.33 Alloy 7 after 100h In air at 1073K. (A) SE Image, (B) Al 
map, (C) TI map, (D) O map, (E) V map. Note the distinction 
between the two oxide types, shown In (A)
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Figure 4.34 Alloy 7 at 1173K, (A) SE Image, (B) Al Map, (C) TI Map, 
(D) V Map. N and O maps are continued In Figure 4.35.
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Figure 4.35 Alloy 7 after 100h Is air at 1173K: N (left) and O (right) 
maps for the sample shown In Figure 4.34.
XRD confirmed (Figure 4.36) the oxide species as TIO2 and AI2O3 as 
expected. The diffractogram was dominated by the rutile signature. There 
was some weak evidence for the Z-phase and no obvious sign of 
amorphous phases.
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Figure 4.36 X-ray diffraction (Cu-Ka-radiation) analysis of alloy 7 
after 100 h oxidation at 1173K In air.
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4.5 Cyclic Oxidation Studies
4.5.1 Thermogravimetric Results
4.5.1.1 Introduction
Both the TiAl sample coated with Ti-50AI-10Cr (as described in chapter 3) 
and an uncoated sample were observed to grow an oxide scale fairly 
rapidly at 1173K. The coated sample retained its initial grey colour whilst 
the uncoated specimen became mottled in appearance with growths of 
white and brown scales on the surface.
icmO
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Figure 4.37 Cyclic oxidation data at 1173K, for coated and uncoated
Ti-50AI samples.
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4.5.1.2 Uncoated Alloy 1 Thermogravimetric Results
Severe Spalling was observed on the uncoated specimen but none was 
observed on the coated specimen. Where the oxide spalled, the surface 
was white, with the more developed oxides coloured brown. The results 
(Figure 4.37) would seem to indicate that the apparent weight gain of the 
coated specimen was much greater than that of the uncoated specimen. 
This is attributed to the very high rate of spalling in the uncoated specimen, 
with spalling and subsequent re-oxidation proceeding at an extensive rate 
as can be seen from the micrograph (Figure 4.38) where the thick, badly 
adhered, oxide layer is visible.
4.5.1.3 Coated Alloy 1 Thermogravimetric Results
The coated TI-50AI sample, on the other hand, showed a high initial 
oxidation rate which stabilized after around 14 hours, no spalling of the 
oxide or the coating was observed and a thin, continuous oxide layer was 
observed in the SEM above the coating (Figure 4.41). Where failure of the 
coating occurred, dramatic oxidation resulted (Figure 4.42), indicating that 
the requirement for a self-repairing coating were not met in this instance.
4.5.2 Microstructural analysis of scale 
formation in cyciic oxidation
4.5.2.1 Introduction
The cyclic oxidation samples were prepared for microstructural studies in 
the same way as the isothermal oxidation samples, with great care being 
taken to minimise disruption to the oxide layer during mounting and 
polishing.
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4.S.2.2 Uncoated Alloy 1 Cyclic Oxidation
The uncoated alloy 1 exhibited a broadly similar oxide structure to the 
isothermally oxidised alloy 1 at 1173K although the oxide was less 
structured in composition. The oxide - alloy interface was observed to be 
somewhat rougher, due to spalling of the oxide after a number of cycles 
(Figure 4.38). It was observed that the oxide would adhere for a number of 
cycles before cracking and spalling off, but due to the nature of the 
experiment, the critical thickness of the oxide for this to occur could not be 
ascertained. Figure 4.39 shows an SE image and elemental maps from a 
more well-adhered area of the sample. There was a continuous outer Ti- 
rich layer which was followed by a porous Al-rich region which many voids. 
The main scale contained small pores but lacked the layered structure of 
the isothermally oxidised samples. The oxide was detached from the 
substrate.
XRD analysis (Figure 4.40) showed the presence of essentially the same 
species as with the uncoated alloy 1 (Figure 4.10) with a much greater 
intensity to the rutile lines. There were some lines attributable to TiAl and 
Ti3AI (ug) but these were extremely weak and therefore the presence of 
these phases could not be confirmed. There was also some evidence for 
amorphous phases and the Z-phase.
4 5.2.3 Coated Alloy 1 Cyclic Oxidation
The TiAlCr coating on alloy 1 is clearly visible in the micrographs in Figure 
4.41, where the chromium is seen to have diffused only slightly into the TiAl 
substrate, a distance of about 10 to 20 [xm. Regular perpendicular cracks 
in the coating were observed to extend through the complete thickness of
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Figure 4.38j!poated binary sample after 100 h cyclic oxidation in air 
at 1173K. Note the damage to previously grown (and partially 
spalled) oxide layers.
the coating, and oxidation had proceeded through these to the interface 
with the intermetallic substrate. These cracks provided an easy diffusion 
route for further oxidation. Oxygen was observed along the substrate/ 
coating boundary and also within large, irregular pores in the coating. The 
oxide scale over the coating was thin (around 2 ^im) and appeared 
continuous.
The XRD data of the coated specimen (Figure 4.43) was broadly similar to 
that of alloy 4 (Figure 4.22).There were strong lines from the coating and 
the TiAl substrate and the lines from alumina were somewhat stronger that
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Figure 4.39 Alloy 1 after 100 hr. cyclic oxidation in air at 1173K; (A) 
SE Image, (B) Al Map, (C) Ti Map, (D) N Map, (E) O Map.
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Figure 4.40 X-ray diffraction (Cu-Ka-radiation) analysis of alloy 1 
after 100 h cyclic oxidation at 1173K in air.
those from rutile titania. The Z-phase would appear to have formed as with 
the other samples investigated.
In certain areas of the coated specimen, the coating failed completely. This 
was probably due to manufacturing defects during the sputtering process. 
These failures had a dramatic affect on the oxidation of the local area, as 
can be seen in Figure 4.42, resulting in severe internal oxidation and 
forming an oxide similar to that formed by alloy 1 at 1173K (Figure 4.11). 
The TiAl intermetallic substrate in these regions had oxidized to a large 
extent, showing both inward and outward growing oxides. A dense, Al-rich 
oxide can be seen in Figure 4.42, below the original substrate/coating
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Figure 4.41 Coated Alloy 1 after 100 hr. cyclic oxidation in air at 
1173k: (A) SE Image. The coating is marked as X. (B) Al Map, (C) Ti 
Map, (D) O Map, (E) N Map, (F) Cr Map.
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interface, with a complex, mixed, porous layer above that becomes 
increasingly Tl-rich towards the surface. Nitrogen can be seen to be 
concentrated in the Ti-rich portions of the oxide, indicating the presence of 
Titanium Nitride.
s sfiJZ
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R = Rutile (TiOg)
A =  a-alumina 
S = Laves phase 
Y = TiAl
Z = “Z”-phase (cubic)
Degrees 2-Theta
Figure 4.43 X-ray diffraction (Cu-Ka-radiation) analysis of coated alloy 
1 after 100 h cyclic oxidation at 1173K in air.
4.6 Summary of Results
4.6.2.1 Isothermal Weight Gain
The binary alloys, 1 and 2, showed similar weight gains at 973K and 1073K
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Figure 4.42 Coated Alloy 1 after 100 hr. cyclic oxidation in air where 
the coating has failed: (A) SE Image. Coating is indicated by X, (B) 
AI map, (C) Ti map, (D) O map, (E) N map, (F) Cr map.
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but at 1173K, alloy 2 had approximately twice the weight gain. Alloy 3 
showed reasonably low weight gain at 973K but at the two higher 
temperatures gained weight rapidly. The other two Cr-containing alloys 
showed almost zero weight gain at all three temperatures studied. Of the 
ternary alloys with vanadium, alloy 6 showed reasonable weight gain at 
973K and 1073K. This alloy had a greater weight gain than alloy 2 but 
lower that alloy 1 at 1173K.
4.6.2.2 Isothermal Oxidation
At 973K, very little oxide structure was observed for the alloys although in 
certain cases an Al-depleted zone was seen (alloy 1 and alloy 7)
At 1073K more structured oxides were seen in some cases although most 
alloy samples grew a thin uniform oxide scale. The oxide was usually 
cracked away from the substrate. Exceptions to this were alloys 3, 6 and 7. 
Alloy 3 had a fairly complex layered oxide with a Ti-rich outer layer followed 
by an Al-rich, porous region and then a mixed region containing both Ti- 
and Al-rich areas Alloy 6 grew a layered structure containing Ti and AI 
which was cracked parallel to the substrate in numerous places. Alloy 7 
grew a very complex oxide with an outer Ti-rich zone and a secondary Al- 
enriched region. This was followed by a multi layered region of alternate Ti- 
and Al-rich layers, separated by linear voids, for half the thickness of the 
oxide. The inner half of the oxide was granular, containing nodules of Ti and 
AI enriched material and some porous areas.
At 1173K the majority of the alloy samples grew an oxide with a Ti-rich 
outer layer followed by a porous Al-rich zone and then a mixed oxide scale. 
Alloys 1 and 2 grew a similar oxide scale although the scale on alloy 2 was
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more complex and much thicker. Alloy 3 was the only Ti-AI-Cr alloy to 
produce a structured oxide. This had some similarities with alloys 1 and 2 in 
that a similar Ti-rich outer layer and Al-rich, porous layer were formed. The 
bulk of the scale was less structured but did contain some large pores. The 
scale on alloy 6  was extremely porous with a layered inner structure and an 
outer Ti-rich region. The oxide scale formed over alloy 7 was somewhat 
similar to that formed over alloy 3 but was much thicker.
XRD studies revealed the expected alumina and rutile peaks together with 
peaks from the substrates in many cases. In most cases, peaks attributable 
to the Z-phase were also found.
4.6.2.3 Cyclic Oxidation
The alloy 1 sample subjected to cyclic oxidation at 1193K formed a similar 
oxide to the samples oxidised under isothermal conditions. The sample 
coated with Ti-50Al-10Cr showed an initially high weight gain but then 
stopped gaining weight. The coating was seen to have broken down in 
places, causing serious oxidation in those regions and was cracked 
perpendicular to the substrate in many places which allowed oxygen to 
diffuse to the substrate/coating boundary.
120
Discussion
Chapter 5
Discussion
5.1 Processing
5.1.1 Ingot Production
The clean melting procedures followed in this study allowed the production 
of alloys with extremely low levels of interstitial contamination (typically < 
2 0 0  wppm oxygen, < 10 wppm hydrogen for the in-house chromium alloys). 
The use of a water-cooled, cold hearth plasma-arc melting system does 
present a number of processing difficulties however. Whilst it allowed for 
quick mixing of constituent elements, accurate compositional control was 
difficult to achieve. Power input greatly affected the melt pool, excessive 
power lead to splashing and loss of material and insufficient power resulted 
in inhomogenmus melting. Macrosegregation was also evident in the alloys 
as a result of the cooling process.
Due to the large disparity in melting points of the elements studied (Table 
5.1), evaporation of aluminium and, to a lesser extent, titanium occurred
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during melting of the TI-AI-Cr alloys. It was therefore necessary to add
Table 5.1 Melting points of Ti,AI,V and Cr.
Element Melting Point (K)
Aluminium 933.5
Titanium 1693
Vanadium 2183
Chromium 2180
approximately 2% extra AI to the mixture before the first melt was 
performed in order to obtain the required alloy composition. This lead to 
slight variations in exact alloy composition from the nominal expected 
composition, however the microstructural compositions were unchanged 
and remained as expected in all cases.
5.2 Isothermal Oxidation Studies
5.2.1 Oxidation Rate
Pick’s first law of diffusion was used to calculate the parabolic rate constant 
kp for the alloys 1 through 7 at all three temperatures investigated as 
follows:
J = ( _ D ) —  (Pick’s first law of diffusion) (1)
where J is the ion flux in kg per m^ and ^  the concentration gradient of the
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ions. D is a constant, the diffusion coefficient. Since the concentration 
gradient is usually lin ^ an d  the concentration difference (Ac) between one 
interface and the other is constant, we can write:
|j| = (DAc) (2)
X
J is the number of ions crossing the oxide in a given time and hence is 
proportional to the rate of increase in the oxide thickness:
J = 4  (3)
Combining (2) and (3) and integrating between time = 0 and a time t, we 
obtain the simple relationship:
x2 =  kpt (4)
Where kp is the parabolic rate constant.
As the weight gain is proportional to the thickness of the oxide, the gradient 
of the best-fit straight line through a graph of weight-gain squared against 
time will give what is known as the parabolic rate constant.
Parabolic rate constants for alloys 1 to 7 were calculated according to the 
above relationship using the data from the weight gain curves, and are 
given in Table 5.2. Not all alloys exhibited pure parabolic behaviour over 
the entire 100  hours, and in these cases the rate constant was calculated 
on the initial oxidation rate which was generally parabolic rather than the 
linear oxidation region. The correlation factor for those rate constants which 
could be calculated are also given in Figure 5.2. In general, the correlation
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factors for the alloy samples oxidised at the higher temperature (1173K) 
was extremely high but was poor for the samples oxidised at 973K and 
1073K. This was probably because environmental factors were beginning 
to influence the results.
Table 5.2 Initial parabolic oxidation rate constants for isothermal 
alloys (kp K g V ) .  Correlation factors in brackets.
Alloy 973K 1073K 1173K
1 4.71x10-10(0.47) 1.75x10-0(0.97) 2 .01x 10-0
(0.99)
2 1.38x10-0(0.74) 4.01x10-0
(0.98)
3 2.12x10-10(0.77) 1.95x10-0 (0.99) 1.5x10-7 (0 .9 9 )
4 - - -
5 - - -
6 1.39x10-0 (0 .9 ) 4.8x10-10(0.6) 4.94x10-0(0.99)
7 7.98x10-0 (0.79) 3.36x10-0 (0.95) 7x10-0(0.98)
a. All values marked with were too small to calculate.
As can be seen in the graphs below (Figure 5.1 - Figure 5.3. Note the 
scales have changed from the figures given in Chapter 4), the weight gain 
varied considerably with temperature. The binary alloys and those with 
tertiary additions of chromium exhibited good oxidation resistance at 973K 
as expected. In general, the oxidation rate increased by a factor often for a 
100K increase in temperature for alloys 1 and 7, with alloy 2 exhibiting a 
significantly higher rate at the highest temperature (1173K). Alloy 3 showed 
a large rise in rate from 973K to 1073K, however. Alloys 4 and 5 (at all three 
temperatures), and alloy 2 at 973K, did not produce enough oxide growth 
after 100  hours to calculate a rate constant for those alloys and 
temperatures.
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Certain alloys could be observed to be gaining and losing weight during 
isothermal oxidation. This was probably due to a combination of reasons. 
The room in which the experiments were held was not sealed and as such 
was affected by environmental changes during the experimental runs. 
These could affect the delicate microbalances used to measure the mass 
changes of the samples as they were oxidised. Whilst none of the expected 
oxidation products was volatile at the temperatures under investigation, any 
environmental contaminants could have volatile products and these would 
also lead to random losses of mass as their oxidation products were 
evaporated. This effect was probably occurring for all the samples but was, 
however, only observable for those alloys that showed only a small mass 
gain due to the expected oxidation process. Each experiment was also 
carried out three times in an attempt to minimise these environmental 
factors but this was only partially successful.
5.2.2 Assessment of the Isothermal Oxidation 
Behaviour at 973K
At 973K, very slow oxidation was observed in most of the samples as 
expected (Figure 5.1), as this is the commonly considered upper working 
temperature for these alloys. Alloy 7, however still showed significant 
oxidation despite being tested at the lower temperature. The step-like 
oxidation behaviour of alloy 7 in particular is most likely due to the creation 
of an initially protective, but extremely brittle oxide scale which grew rapidly 
and then at a certain thickness cracked as the lattice mismatch between 
the scale and the substrate became too great, allowing further oxidation to 
take place. This is a commonly observed phenomenon, although usually 
only under very stable isothermal conditions. The same step-like oxidation 
was also observed for alloy 7 when oxidised as 1073K.
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Alloys 1, 3 and 6  all of which comprised a mixed microstructure of either the 
( a 2 + Y)i_ + Ys (alloys 1 and 6 ) or y + P(B2) (alloy 3) phases showed 
moderate oxidation, even at this relatively low temperature. The alloy 2 
performed somewhat better. None of the alloys 1,3 and 6 exhibited signs of 
breakaway oxidation at this temperature.
From the small mass changes during isothermal oxidation at 973K for the 
two chromium-containing tertiary alloys the microstructure of which 
contained the Laves phase (alloys 4 and 5), no conclusions could be drawn 
regarding differences in their isothermal oxidation behaviour at 973K. 
There was no evidence for chromium being present in the vestigial oxide 
scales observed.
Oxidation of alloy 7 appeared to be taking place in a paralinear fashion 
rather than following a pure parabolic or linear mechanism [Castle, 1976]. 
This would agree with the observations of a two layer oxide structure with a 
slow-growing, compact inner oxide and a fast growing outer, porous oxide 
layer. In this case the inner layer would eventually reach a limiting 
thickness but would continue growing inward as the interface between this 
layer and the outer oxide layer is transformed into the more porous oxide 
structure (rutile dominated). This is in agreement with observations (See 
section 2.3.5) and also with the observations of other groups [Becker et a/., 
1992]. This oxidation mechanism would eventually result in pest oxidation 
of the entire sample were it continued.
The diffusivity of Ti in rutile is fasterj^hat of oxygen whereas AI diffuses 
more slowly in alumina. This can result in alternating columns of rutile and 
alumina with alumina forming towards the substrate and rutile towards the 
oxide scale surface [Kekare, 1993]. Such columns were not commonly
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observed for these alloys although they were seen In alloy 7 at 973K.
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Figure 5.1 Isothermal oxidation curves for the alloys studied after 
100 hours at 973K. Note the step-like behaviour of alloy 7 in
particular.
5.2.3 Assessment of the Isothermal Oxidation 
Behaviour at 1073K
5.2.3.1 The Binary Alloys
The oxidation curves for all alloys at 1073K are shown in Figure 5.2.At 
1073K there was still no significant difference between the oxidation of 
alloys 1 and 2 despite the differing microstructures (Figures 4.9 and 4.13). 
It was expected that the higher a j  content in alloy 1 would, due to the high 
oxygen solubility in the Qj phase have an effect on oxidation rate, but this
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was not observed for the 100 hour duration of these experiments. In both 
cases the scale was dominated by a fairly continuous alumina outer band. 
It would appear that at these temperature and durations that alumina is still 
somewhat more stable than rutile or that the Al-depleted zone in the 
substrate is not sufficiently depleted as to reduce the activity of aluminium 
to the point at which T1O2 formation dominates. These scales appeared to 
have stabilized however they were extremely brittle and were only 
protective due to the isothermal conditions of the experiment. It is assumed 
that at longer exposure times (> 150 hours), aluminium would begin to 
dissolve in the I i 0 2  regions leading to eventual catastrophic oxidation, as 
observed by others [Becker et a!., 1992, Rahmel et a!., 1995].
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Figure 5.2 Isothermal oxidation curves for the alloys studied after 
100  hours at 1073K. Note again the regular, step-like behaviour of
alloy 7.
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5.2 3.2 The Chromium-Containing Aiioys
At 1073K, alloy 3 exhibited a paralinear oxidation behaviour as observed 
for alloy 7 at 973K (see 4.16). This was in stark contrast to the other 
chromium-containing alloys which exhibited no significant oxidation 
whatsoever. The a%-phase was not present in the bulk microstructures of 
the Cr-alloys. In the case of alloy 3 it would appear that an A-depleted zone 
forms from the y -phase. This zone contains the Z-phase which is known to 
transform to «g at longer exposure times. The high oxygen solubility of the 
-phase, combined with the (5-phase could then account for the poor 
oxidation resistance of alloy 3 [Brady eta!., 1997a].
The oxide that was produced on alloys 4 and 5, was brittle and poorly 
adhered to the substrate, but appeared extremely slow growing (see Figure 
4.20 for example). This slow growth can be attributed to the Laves phase 
present in alloys 4 and 5. This phase has a very low oxygen solubility - 
similar to that for the y -phase whereas the p-phase present in alloy 3 is 
known to promote oxide scale growth [Brady et a/., 1997a]. Alloy 5 did not 
contain the y -phase but still formed a protective oxide scale although there 
was some evidence for y in the XRD diffractogram for this alloy which 
could indicate there was some y formation, probably only at high 
temperatures. Although it has been noted in the past that the single phase 
Laves alloys [Brady et al. 1997b] are easily oxidized, the results here are in 
agreement with findings that the two-phase y and Laves alloys do form a 
protective oxide. This might be due to chromium raising the Al/Ti activity 
such that TiN does not form during the initial stages of oxidation. This is in 
agreement with findings by Bertziss et al., [1995] who reported on the 
beneficial effects of Cr on the oxidation resistance of Ti-AI-Cr alloys.
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5.2.3 3 The Vanadium-Containing Aiioys
As at 973K, alloy 7 oxidized at a vastly greater rate than all the other alloys 
including the alloy 6 . It would appear that the extra y -phase present in alloy 
6 was enough to offset partially the detrimental effect of vanadium additions 
on the oxidation resistance at least for the 100  hour duration of these 
experiments at 1073K. In both alloys, vanadium was observed in the oxide 
scales in both Ti-rich and Al-rich zones, probably in solution in the case of 
alloy 6  as the amounts present would not favour formation of any oxide 
structures. It is likely, however that the formation of an aluminium/vanadium 
mixed oxide is the cause of the poor oxidation resistance of alloy 7.
5.2.4 Assessment of the Isothermal Oxidation 
behaviour at 1173K
5.2.4.1 The Binary Aiioys
Isothermal weigh gain plots for all the alloys at 1173K are given in Figure 
5.3. At 1193K both binary alloys were covered by an oxide scale with Ti0 2  
as the outermost layer. These scales were broadly in line with what has 
been observed earlier for the binary TiAl alloys. The scale on alloy 2 (Figure 
4.15) was somewhat thicker than that grown on alloy 1 (Figure 4.11) and 
exhibited more evidence of a lamina, mixed structure. It would appear that 
at this higher temperature, the protection derived from the lower oxygen 
solubility of the y -phase is no longer protective over oxidation times in 
excess of 100 hours. This is attributed to the formation of the AI depleted 
subsurface zone, where grains of a 2 -TisAI promote the preferential 
formation of Ti0 2 - There was evidence of nitrogen in the Ti-rich region at 
the oxide surface which could account for the poor oxidation performance
130
Discussion
of alloy 2 at this temperature. It has been previously observed that 
oxidation of the y -phase materials in air (i.e. in the presence of nitrogen) 
leads to poor oxidation performance [Rakowski et a/., 1996, Zheng et a!., 
1995b]. The exact effect the nitrogen had on the scale-grown mechanism 
could not be ascertained in this study however it is probably that the 
nitrogen increases the number of titania-rich nodules which form and 
possibly also accelerates the growth of these nodules.
Since the oxidation products formed by the respective alloys do not show 
any significant difference as temperature is increased from 973K to 1173K 
it is concluded that there is no significant effect of the thermodynamic 
stability on the composition and structure of the oxidation products. It would 
appear the observed differences in scale thickness are therefore due 
mainly to changes in diffusion rate as temperature is increased. The 
increase in temperature seems simply to shift the oxidation process 
forwards with an increase in temperature equating to oxidising a sample at 
the original temperature for a longer period. At higher temperatures the 
formation of a 2 -TigAI grains at the substrate/oxide interface would occur at 
a much sooner time, leading more quickly to an inner mixed oxide of TiÛ2 
and AI2O3.
The XRD diffractogram for alloy 1 showed no evidence for amorphous 
phases but the diffractogram for alloy 2  did show some weak evidence for 
these amorphous phases. It is possible that these amorphous phases 
correspond to the Al-rich region below the outer Ti-rich region, where 
alumina which had been on the surface of the scale has been dissolved in 
the Ti0 2  and then reprecipitated. This would explain the porous structure of 
this region as the amorphous structure recrystalised over time. This 
behaviour has been observed previously by Becker eta l. [1992].
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5.2A2 The Chromium-Containing Aiioys
At 1173K, the majority of the alloys exhibited rapid oxidation with no 
indication that a stable, protective scale was being formed. The exceptions 
to this were alloys 4 and 5, i.e. those chromium-containing alloys with a 
substrate comprising a microstructure that included the Laves phase.
Analysis of the kinetics of oxidation by Kekare et al. [1993], indicated that 
the presence of an oxide with a metal ion with a lower valence that +4 
would potentially increase the oxidation rate by increasing the valence of 
the oxygen vacancies. This could be the case in alloy 3 which showed a 
large weight gain (Figure 5.3) but not in alloys 4 and 5. It would appear that 
the microstructure of the alloys has a greater effect on the oxidation 
kinetics.
The protective nature of the Laves phase has been postulated before 
(Brady et al. [1995]) and these alloys were expected to perform well under 
isothermal oxidation. Alloy 5 did not contain the y -phase to any great extent 
(although some evidence was seen in the diffractogram) but did contain the 
T and pC r phases both of which appear to promote stable oxide growth. 
Alloy 3 did not contain the Laves phase but was based on the y + |3(B2) 
structure. The addition of the (3-Ti phase to y -TiAl appears to favour the 
generation of large titania-based nodules which act as nucléation sites for 
further unprotective oxide growth. It had been postulated that oxidation in 
laboratory air (i.e. containing water vapour) would stabilise the p -phase at 
the scale/substrate boundary [Brady et al., 1996]. This was not observed 
for alloy 5 which has been designed to test this, probably because the 
Laves phase was preferentially formed at the substrate/scale interface 
during oxidation. The Z-phase, or a modified phase containing Cr was
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Figure 5.3 Isothermal oxidation curves for the alloys studied after
100 hours at 1173K
observed by XRD showing that the usual depletion of AI at the subsurface 
zone was occurring although this zone could not be observed by EPMA or 
SEM studies.
5.2 4.3 The Vanadium-Containing Alloys
At this temperature (1173K), alloy 7 did not appear to exhibit the step-like 
oxidation observed previously. This is most likely due to the extremely high 
oxidation rate which prevented the formation of a homogenous AI2O3 layer 
between the outer T1O2 layer and the inner, fine grained mixed Ti02/Al2O3 
layer.
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These alloys, and alloy 7 in particular followed very closely the sequence 
proposed by Becker etal. [1992] (reproduced in 2.12) and would lend more 
strength to that proposed oxidation mechanism for these alloys and others 
that contain significant amounts of the ag phase. In this case, alloy 7 
appears to belong to the case A group, i.e. the ones without an outer titania 
region. This is in agreement with other investigations at 1173K who report 
that at a critical thickness the mechanism changes from the case B to the 
case A type. This has a similar effect to breakaway oxidation [Becker et al. 
1992, Shida and Anada, 1993]. It is evident from these experiments that it 
is this «2  phase, which has a high oxygen solubility, that is the main cause 
of the poor oxidation performance in TiAl-based intermetallics.
5.2.5 General Discussion
5.2.5.1 Porosity
There were two main types and regions of porosity observed. Within the 
bulk of the oxide scale, small pores were usually seen. These probably 
correspond to dissociation of the oxide with cation (Ti) transport outwards 
and oxygen transport inwards as has been proposed by Mrowec [1995]. 
This would be consistent with Ti following a Kirkendall model for 
interdiffusion.
The porous alumina region immediately below the oxide surface is 
probably formed when the initial alumina layer dissolves and is 
reprecipitated in the outer titania layer. This would explain the presence in 
the XRD spectra of amorphous phases and would also account for the 
increasing size of this porous zone with oxide thickness (and time).
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5.2.5 2 The Effect of Nitrogen
The oxidation behaviour of TiAl-based intermetallics in air is extremely 
complex. It has been postulated that nitrogen present in the air contributes 
to the oxidation behaviour, dramatically changing the oxidation behaviour 
both positively [Becker etal., 1992, Zheng etal. 1995b], reducing oxidation 
rate and negatively [Choudhury et al. 1976, Meier et al. 1993], increasing 
oxidation rates. In this investigation. Nitrogen enrichment was not observed 
at the oxide scale/alloy substrate interface but was however observed for 
certain alloys at titanium-rich zones, suggesting the presence of TiN as 
proposed by Lang and Schütze [1997]. This Nitrogen enrichment at the 
outer surface of the oxide scale would further promote growth of Ti2 0  in 
preference to Al2O3 .lt has been proposed that the 0 3 -phase could dissolve 
large (up to 20 at.-%) quantities of nitrogen. This would explain the missing 
nitrides at the substrate/scale boundary. These nitrides were proposed by 
Becker et al. [1992] and others and observed at shorter oxidation times. It 
would appear that as the Z-phase (see below) is converted into the 0 3 - 
phase, so the nitrogen concentrated at the scale/alloy interface is dissolved 
into this phase. These nitrides contained Ti and O and would almost 
certainly result in formation of Ti0 2 , possibly in nodular form, which would 
act as nucléation sites for further oxidation. This would be in agreement 
with observations by Kad and Oliver [1992] and reported in Zheng et al. 
[1995b]. It is also possible that nitrogen itself stabilises the a 2 -phase in that 
the Ti-rich nitrides act as nuclei for a transformation from the Z-phase to the 
a 2 -phase this would promote a transition to internal oxidation of aluminium 
and consequently formation of a mixed Ti0 2  and AI2O3 scale. This 
mechanism can only be clarified if more knowledge of the Ti-AI-O-N phase 
behaviour is obtained.
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5.2.5 3 The “Z”-phase
All the alloys exhibited some evidence for the so-called Z-phase in the Al- 
depleted subsurface zone of the substrate as proposed by various groups 
[Zheng et a/., 1995b, Quadakkers et a!., 1997b, Copland et al., 1999] 
although it was often weak and inconclusive. The XRD data presented here 
would be consistent with a cubic phase having a lattice parameter a=0.69 
nm as observed by others [Zheng et al., 1995a,b]. This is the phase that 
forms immediately below the substrate surface as AI2O3 is formed during 
initial stages of oxidation. There is some evidence that this phase 
transforms to Ti^M ( a 2 ) at longer oxidation times but this was not observed 
convincingly for these experiments run for 100  hours - although some of 
the alloys showed XRD lines that could be from Ti3Al (alloy 7 in particular). 
The higher A1 composition of the Z-phase with respect to Ti3AI would 
explain the improved oxidation resistance of the y -TiAl based alloys as this 
would increase the A1 stability with respect to titanium and therefore 
promote alumina as the more stable oxide scale, prolonging the time until 
the subsurface region was sufficiently depleted to promote formation of 
TisAI.
The accepted composition of this phase is commonly held to be 
Ti5oAl3o0 2 o and the XRD data from these experiments would seem to 
agree with these findings. There is some evidence that the Z-phase in Ti- 
Al-Cr alloys has a different structure [Quadakkers et al., 1997b], modified 
somewhat by the addition of chromium although this was not obvious from 
the XRD data presented here.
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5.2 5.4 Oxide Scale Types and Stability
According to thermodynamic assessments by Rahmel and Spencer [1991], 
the equilibrium partial pressures of oxygen for AI/AI2O3 and for Ti/TiO are 
approximately the same in the y -phase ab 1173K. Th^also predicted that 
in the two phase ag + y microstructure, i.e where Ti3Al is the majority 
phase, the preferred oxide would be TiO rather that AI2O3 . As Ti is oxidised 
to form a layer, the metal will become locally enriched in A1 until the y- 
phase becomes the majority phase. At this point, the partial pressures of 
oxygen for the formation of TiO would be greater than that required for the 
formation of AI2O 3 and a layer of alumina would begin to form. This will 
proceed until an area depleted in A1 results in formation of a TiO scale. This 
results in a series of layers of alternate Ti- and Al-rich oxides as seen in 
alloys 1,2,6 and 7. Ti0 2  is the more stable Ti oxide and it is assumed that 
these TiO layers eventually convert into Ti0 2  as oxygen diffuses into the 
scale. The residual stresses between these layers and between the scale 
and the substrate result in cracking and delamination of the oxide layer 
from the substrate surface and also between the individual layers.
Three oxidation mechanisms are foreseen for these Intermetallics. In 
general, a protective scale was formed only in the cases where a 
continuous alumina scale was formed directly over the substrate (alloys 4 
and 5 for example).
1. Protective Alumina Scale. In this case, a thin continuous AI2O3 scale is 
formed without encouraging the formation of an Al-depleted zone in the 
substrate. This is encouraged by a microstructure containing phases with 
low oxygen solubility such as the Laves phase and the y -phase. The y- 
phase has to be carefully controlled as this phase can transform to the Z-
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phase, and therefore eventually the 0 3 -phase which has a high oxygen 
solubility and which will encourage growth of Ti oxidesThis would explain 
the weak evidence seen for the Z  phase in alloys 4 and 5 and might 
indicate that at very long exposure times, even these alloys could change 
to an unprotected oxidation behaviour. No investigation as to the effect of 
the X-phase present in alloy 5 was performed but it is possible that by 
eliminating the y -phase from these alloys, formation of the a 2 -phase and 
other poor phases could be inhibited. There was an indication that some of 
the X or Laves phase had transformed Into y after 100 hours isothermal 
oxidation in air which could indicate that even here the oxide scale will 
eventually become unprotective.
2. Unprotective Alumina Scale. These alloys formed a thin, initially 
protective scale at lower temperatures and an unprotective scale at higher 
temperatures. In these cases, the formation of the alumina scale resulted in 
severe depletion of A! from the substrate. This caused formation of Ti 
oxides and a layered structure to the oxide. Near the oxide surface, the 
outer alumina Is dissolved and reprecipitated as large nodules which may 
run together to form a porous region immediately behind the outer Ti-rich 
zone which results. The y -phase is initially protective, encouraging the 
formation of AI2O3 but this results in formation of a Ti enriched phase 
containing the Z-phase which later transforms to the a 2 -phase which 
favours formation of Ti oxides.
3. Unprotective Mixed Scale. This is the classic case as discussed in 
Becker et al. [1992] and results when any of the microstructural phases 
present have a high oxygen stability (e.g. « 2 )- Here the activities are such 
that Ti and A1 oxides form initially as nodules on the surface. As the kinetics 
of Ti oxide formation are generally greater than alumina formation, the 
metal surface is rapidly covered by a thin Ti oxide. The oxide can be seen
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to be growing in three stages:
1. Initial formation of AI2O 3 and Ti0 2 -
•A I depletion and subsequent formation of Ti-rich subsurface 
zone.
• Increase of Ti-activity and decrease of Al-activity.
• Formation of Ti-nitrides and oxides and the metal/oxide interface 
caused by the non protective oxide scale.
• Rapid oxide growth until consumption of the Ti-rich subsurface 
zone.
• Formation of the cubic Z-phase.
2. Change of the subsurface zone from Ti-rich to TiAl.
• oxidation behaviour is different to stage 1 because of the 
previously formed oxide scale.
• linear growth through repeated formation of Titanium nitrides, 
AI2O3, and Ti3AI at the metal/oxide interface.
• Conversion of Z-phase to TisAI.
3. Formation of the outer AI2O 3 barrier.
• Parabolic oxide growth.
The stage 3, AI2O3 barrier was not seen in these studies probably because
it had been dissolved and reprecipitated below an outer Ti0 2  layer.
5.3 Cyclic Oxidation Studies
The coated binary TiAl sample appeared to show less weight gain over the 
duration of the experiment, but this was due to the fact that due to the
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design of the experimental apparatus, spaded oxide scales were not 
collected and weighed along with the sample. The thickness of the 
observed scale, however indicated the unprotective nature of the oxide 
grown under cyclic conditions. The scale produced was in fact, quite 
uniform over the substrate surface for each subsequent oxidation cycle. 
There was significant subsurface damage, with many large voids and 
cracks evident where previously grown oxides had spaded from the 
substrate on cooling (Figure 4.38). This process was observed to get worse 
with passing cycles as each oxide deposited and then cooled and cracked, 
forming a steadily worsening surface for the following oxidation cycle.
The coated alloy consisted of alloy 1, with a 30pm coating of a ternary 
titanium aluminide, Ti-50AI-10Cr (at.%) alloy containing the Ti(AI, Cr)2 
Laves phase as wed as the y phase. This is why the XRD spectrum of this 
coated alloy and that of alloy 4 were essentially similar. This coating was 
protective, as expected (see for example Tang et al., 1997 and Brady et al., 
1996a) even under cyclic oxidation. The coating was however extremely 
brittle and had not adhered wed to the substrate in places. This resulted in 
areas of the substrate being exposed to significant amounts of oxygen and 
severe oxidation in places (Figure 4.41 and Figure 4.42) The coating was 
covered in cracks running from the surface to the substrate - these oxidized 
quite readily but appeared not to grow subsequently. There was also no 
evidence that these cracks were acting as diffusion routes for oxygen into 
the substrate although this could be a problem with longer exposure times. 
The use of such Ti-AI-Cr coatings would allow for the benefits of the Laves 
phase without the associated problems caused by this phase’s brittle 
nature. It is possible that a coating with a higher y -TiAl composition would 
have a better compatibility with the substrate and would not suffer the 
cracking that was evident on the samples investigated in this study.
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Chapter 6
Conclusions
The objectives of this research, as outlined in the introduction have to a 
large extent been achieved. The following conclusions can be made based 
upon the results of the study.
6.1 Conclusions
1. Alloys were selected to study the effects of ternary additions and 
microstructure on the oxidation of TiAl-based intermetallic alloys and to 
relate high-temperature oxidation performance to substrate microstructure.
2. High purity ingots of binary and ternary alloys based on TiAl were 
produced using a cold copper hearth, non-consumable tungsten arc 
melting technique. Low levels of interstitial contaminants were achieved in 
all alloys. It was difficult to accurately control the compositions of the alloys 
studied as the melting points varied considerably. However, analyses 
showed the alloys to be within the microstructural bands intended.
3. The microstructure of the alloys affected both the scale structure and the
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oxidation process. The increased y -phase content in alioy 2 over alloy 1 
had little effect on oxidation at 973K and 1073K but was seen to be 
detrimental at 1173K. It is evident that any oxide scale consisting of a 
mixture of AI2O3 and 1 (0 2  affords only poor protection.
4. Chromium additions can reduce oxidation by favouring the formation of 
the more oxidation resistant Ti(Al, Cr)2 Laves phase which is extremely 
brittle. The simple inclusion of Or was not enough to form an oxidation- 
resistant alloy. The y -Ti-AI -Or alloy without the Laves phase showed poor 
oxidation resistance probably due to the presence of the p-phase and the 
transformation of some of the y -phase to the a 2 -phase. In the case where 
the Laves phase was present, no difference in the oxidation behaviour was 
observed whether the y -phase was present. The Laves-phase alloys seem 
to encourage the growth of an AI2O3 scale immediately over the substrate 
which would account for their oxidation resistance. Some evidence for the 
Z-phase was observed which could indicate that at longer exposure times, 
the 0 2 -phase could form, leading to a mixed and therefore unprotective 
oxide.
5. Addition of Vanadium suppresses the formation of an AI2O3 layer 
between the inner and outer mixed oxides, this impedes formation of a 
protective scale and enhances the oxidation rate. Subsequent oxidation is 
seen to follow a paralinear rate with alloy 7 changing to a linear rate.
6 . There seems to be a critical oxide thickness above which the oxide, due 
to density mismatch, will crack away from the substrate. This was observed 
for ail alloys where a substantial oxide had formed. This crack was largest 
in the thickest oxides.
7. The application of Ti-Al-Cr coatings can be used to reduce the need for 
brittle substrate phases. Failure of the coating can lead to catastrophic
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failure of the alloy and it would appear that a significant y -phase is 
necessary in the coating to achieve good compatibility with the substrate to 
avoid stress cracking. These Laves phase coatings could be realistically 
developed into protective coatings for engineering applications is the 
problems with poor adhesion and cracking within the coating can be 
addressed. The substrate remains vulnerable if exposed to oxygen.
8 . An Al-depleted zone is often created below the interface, this phase is 
extremely brittle and the oxide scales spall off fairly easily from this zone. 
Initially this zone forms as a cubic phase (the Z-phase), probably with the 
composition Ti5oAl3o0 2 o but this later transforms to TisAI (og)- The Z- 
phase is initiaiiy beneficial to oxidation as it has a (perceived) low oxygen 
solubility and promotes a higher Ai/Ti activity, therefore favouring formation 
of alumina.
9. Nitrogen has been reported in the literature to have two different effects. 
Exposure to a nitrogen-containing atmosphere during the initial stages of 
oxidation favouring the formation of an unprotective, mixed scale, whereas 
exposure to nitrogen after initial formation of an oxide can stabilize the 
protective scale, presumably increasing the Ai-activity in the metal phase. 
W eak evidence for nitrogen was found in the outer layers of the large 
oxides produced in this study - this is probably from the formation of TIN but 
this could not be verified.
6.2 Suggestions for Further Work
Further work is required to isolate and explain the reasons behind the step­
like oxidation process observed in alloy 7. Knowledge of the critical
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thickness at which this occurs could be vital in the development of new 
alloys.
An improved knowledge of the Ti-AI-O phase diagram, especially at the low 
oxygen pressure region is necessary to further understand the processes 
occurring during oxidation. This should be combined with more 
investigations in to the exact effect that nitrogen has on the kinetics. It is 
also important to establish more fully, thee,ffect of the Z-phase on oxidation 
and to determine the exact nature of this phase especially when ternary 
alloying elements such as Cr are involved.
Further investigation at much longer oxidation times (> 150 hours) could 
provide useful insight into the long-term stability of the oxide scales. This 
would be especially valuable for those alloys coated with new protective 
coatings. This should be combined with investigations into the durability of 
the coatings.
Further investigations into the real effect of the Z-phase would also be 
beneficial. We need to know if this phase can be oxidation resistant for 
longer exposure times, possibly by altering the microstructure with alloying, 
and if so, whether by careful alloying this phase can be preferentially 
formed.
Very little is known about the real effects of nitrogen on the oxidation 
process, and better knowledge of the Ti-AI-N and Ti-AI-O-N phase 
diagrams would be beneficial. Whilst work is ongoing on quaternary and 
higher alioy systems, it is vital that the behaviour and interactions of the 
basic TiAl alloys and environments are better characterised.
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Appendix A
XRD Reference data
The Z-phase was indexed using data obtained from work pubiished 
previously by Zheng et al. [1995b], Copland et al. [1999] and Shemet et al. 
[1997a]. These data are reproduced below:
XRD Data for the Z-phase from Copland el at. [1999].
Peak ^(A) Ipel
1 4.896 8
2 3.983 8
3 3.477 11
4 2.828 8
5 2.302 100
6 2.189 58
7 2.089 50
8 1.996 34
9 1.851 11
10 1.630 16
11 1.543 11
12 1.414 18
13 1.357 16
14 1.284 26
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XRD Data for the Z-phase from Shemet et al. [1997a].
hkl d { k )
110 4.8823 8
111 3.9889 1
200 3.4775 2
210 3.0881 5
211 2.8239 1
220 2.4423 2
300 2.3014 100
310 2.1838 50
311 2.0818 26
322 1.9964 5
320 1.9152 2
321 1.8456 8
400 1.7265 1
330 1.6278 8
331 1.5847 2
420 1.5444 7
421 1.5073 3
332 1.4728 4
422 1.4102 2
430 1.3815 2
510 1.3546 15
333 1.3297 5
520 1.2828 14
521 1.2624 8
440 1.2214 1
522 1.2044 1
433 1.1848 2
531 1.1677 5
600 1.1515 4
610 1.1359 3
532 1.1208 4
620 1.0924 1
443 1.0789 1
630 1.0300 2
631 1.0186 1
444 0.9970 1
700 0.9870 3
543 0.9771 2
711 0.9673 1
641 0.9492 3
552 0.9402 2
642 0.9233 3
722 0.9152 2
730 0.9072 2
553 0.8996 4
*  Approximate relative peak height ratios.
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TiAl
AI2O3
rutile~Ii02
non-identified
phase
Cu-Kfl -radiation
COCLo
COc
- wc
20 30 40 50 60
Diffraction angle 2 0
70
X-ray diffractogram of Ti-48AI-5Cr after 100 h oxidation at 1173K in 
Ar-02- The non-identified phase is the Z-phase. From Zheng et al.
[1995b].
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Internet References
Brady et al, [1996b]: An Oxidation-Resistant Coating Alloy 
for Gamma Titanium Aluminides 
http://www.lerc.nasa.gov/WWW/RT1996/5000/5160ba.htm
Site verified 27^ *^  March 2003.
Authors
Dr. Michael P. Brady, Dr. James L. Smialek, and Dr. William J. Brindley. 
Summary
Titanium aluminides based on the gamma phase (TiAl) offer the potential 
for component weight savings of up to 50 percent over conventional 
superalloys in 600 to 850 °C aerospace applications (ref. 1). Extensive 
development efforts over the past 10 years have led to the identification of 
“engineering” gamma alloys, which offer a balance of room-temperature 
mechanical properties and high-temperature strength retention (ref. 1). The 
gamma class of titanium aluminides also offers oxidation and interstitial
161
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(oxygen and nitrogen) embrittlement resistance superior to that of the 
alpha-2 (TigAI) and orthorhombic (TigAINb) classes of titanium aluminides. 
However, environmental durability is still a concern, especially at 
temperatures above 750 to 800 ®C. Recent work at the NASA Lewis 
Research Center led to the development of an oxidation-resistant coating 
alloy that shows great promise for the protection of gamma titanium 
aluminides.
Aluminizing treatments, conventional MCrAlY (M = Ni or Fe) coatings, and 
ceramic oxidation-resistant coatings for gamma based titanium aluminides 
have not proven successful because of poor mechanical properties, 
thermal expansion mismatch, and chemical incompatibility. Promising 
coating alloys have been identified in the Ti-AI-Cr system (ref. 2). These 
alloys exhibit excellent oxidation resistance and are generally compatible 
with the gamma substrate alloys; however, they are brittle (ref. 2).
A Ti-AI-Cr oxidation-resistant coating alloy recently developed at NASA 
Lewis offers excellent substrate compatibility and some improvement in 
mechanical properties, without sacrificing oxidation resistance (refs. 3 and 
4). The alloy composition, Ti-51AI-12Cr (in atomic percent), was selected 
so that the microstructure consists of the gamma phase and a minor 
volume of the oxidation-resistant Ti(Cr,AI)2 Laves phase. By basing the 
coating alloy on the gamma phase, we can optimize the mechanical 
properties and substrate compatibility. The volume fraction of the Laves 
phase is kept to a minimum because it is extremely brittle.
The Ti-51AI-12Cr coating alloy was applied to the General Electric gamma 
alloy, Ti-48AI-2Cr-2Nb (in atomic percent), by low-pressure plasma spray. 
Oxidation tests at 800 and 1000 ”C in air indicated that the coating alloy
162
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successfully protected the substrate from oxidation (see the figure). 
Evaluation of the isothermal fatigue behavior of coated Ti-48AI-2Cr-2Nb at 
elevated temperatures in air is in progress.
Uncoated
=  OB 
^  0.4
Coated
02
200 400 GOO
Time, hr
Weight gain data for a low-pressure plasma spray Ti-51AI-12Cr coating 
on Ti-48Al-2Cr-2Nb exposed at 800 “C in air. At each data point, the 
sample was air cooled to room temperature, weighed, and returned to 
the test furnace. Data indicate that the coating successfully protected 
the substrate from oxidation.
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Appendix C 
Laves Phases
The binary Laves phases with an AB2 composition belong to the group of 
topologically close-packed (TCP) structures. In the group of TCP intermetallics, 
the Laves phases constitute the single largest group. They crystallize in the 
hexagonal C14 (hP12; MgZna prototype), the cubic C15 (cF24; Cu2Mg prototype 
(Figure 1), or the dihexagonal C36 (hP24; MgNi2 prototype) structures. The C14, 
C15 and C36 crystal structures differ only by the particular stacking of the same 
two-layered structural units, which allows structure transformations between 
these structures and twinning by “synchroshear”. The stability of the three crystal 
structures is controlled by both the atomic size ratio of the A atoms and B atoms 
and by the valence electron concentration of the Laves phase. Some Laves 
phases have been regarded as promising for both functional and structural 
applications, such as superconducting C15 (Hf, Zr)V2, magnetic C15 TFe2 (where 
T = Ti, Zr, Hf, Nb and Mo) and materials for hydrogen storage C15 ZrV2, ZrCr2 
and C14 ZrMn2 materials.
(2 ^  : A tom  A 
^  : A tom  B
Figure 1: The C15 unit cell characteristic of Laves phases.
Reference: Elsevier Encylopedia of Materials: Science and Technology, 2000, ISBN: 0-08- 
0431562
